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A SUMMARY AND ANALYSIS OF THE LOW-SPEED LONGITUDINAL CHARACTERISTICS OF
SWEPT WINGS AT HIGH REYNOLDS NUMBER 1

By G. Chester Fublong and James G. MoHtjgh

SUMMARY

The law-speed longitudinal characteristics of swept wings

derived primarily from- investigations at high Reynolds numbers

are summarized and analyzed . Two basically different types

of flow separation
,
trailing-edge separation and leading-edge

separation
,
are identified and discussed; and it is shown that

in the case of a sweptback wing
,
either type or a mixture of

the two types of separation may occur. The type of separation

encountered on any particular wing is
;
dependent primarily

on the leading-edge radius
,
leading-edge sweep angle

,
Reynolds

number
,
and aspect ratio. When the type of flow separation

is defined
,
generalized trends in the lift, drag, and pitching

moment can be established.

Methods of stall control applicable to each type of flow
separation are discussed and the effectiveness of the various

methods (devices and wing geometry) currently available is

indicated . The important influence that the vertical position

of the horizontal tail has on the over-all stability of airplane

configurations both with and without stall-control devices is

considered, and generalized procedures for predicting tail

effectiveness are presented.

The effectiveness aof various high-lift devices in the linear

lift range and at maximum lift has been summarized, and the

advantages of the various types are noted.

For the convenience of the designer, the more significant

available data, as of August 15, .1951, on the Imgitudinal

characteristics of swept, delta, and thin straight wings are

compiled in convenient tabular form. In general, the tabulated

data were obtained at a Reynolds number of 6.0Y^1(T, but, for

a few significant configurations where such high Reynolds

number data were not available, the results of tests at Reynolds

numbers as low as have been included.

INTRODUCTION

At the time when the swept wing was first proposed for

high-speed flight (refs. 1 to 9), it was recognized that the

induced angle-of-attack distribution and the characteristic

boundary-layer growth on such wings would promote tip

stall. In addition, simple sweep theory indicated the lift

capabilities of swept wings to be materially less than for

comparable straight wings. Both the tip-stalling tendencies

and low values of attainable lift of swept wings constituted

landing and take-off problems requiring considerable research

at low speeds.

In an early summary of the longitudinal stability character-

istics of swept wings, Shortal and Maggin (ref. 10) established

a relation between wing plan-form parameters and the type

of longitudinal stability that existed at or prior to maximum
lift and, on the basis of such a correlation, showed that

longitudinal instability due to tip stalling was dependent

primarily on aspect ratio and sweep angle. "With the data

available at that time, they established an empirical variation

of aspect ratio with sweep angle that defined a stability

boundary.

In the ensuing years, the low-speed research effort has

been directed toward determining the characteristics of

swept wings, understanding the basic flow phenomena, and

developing means to improve the stability characteristics

of those wings the geometry of which was such as to place

them on the unstable side of the stability boundary of

reference 10. Much work has also been directed toward

obtaining satisfactory longitudinal characteristics with

horizontal tails in combination with wings falling on either

side of the stability boundary.

As a result of this intensive research effort, a large amount
of literature has accumulated in which the characteristics

of many wings are described both with and without various

devices for improving the characteristics. Inasmuch as the

literature is comprised of many individual investigations, the

present authors have undertaken to provide a comprehensive

review of the present knowledge of the low-speed character-

istics of swept wings. The present report has two specific

purposes. The first is to make an analysis and generaliza-

tion of these data in order to show the basic effects and
trends of sweep and thus provide greater usefulness of the

data by permitting reasonable interpolation and extrapola-

tion. The second is to summarize in tabular form the basic

results obtained at large Reynolds numbers (above 4.0X10 6
)

at low Mach numbers (less than 0.25) . Two deviations from
the stated purposes are noted in that unpublished data

available to the authors have been used to supplement the

literature on swept wings and also that data available (pub-

lished and unpublished) on straight low-aspect-ratio wings

suitable for supersonic speeds have been included with the

i Supersedes recently declassified NACA Research Memorandum L62D16 by G. Chester Furlong and James G. McHugh, 1952,
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tubulated data on swept wings. Insofar as possible all

large-scale data available as of August 15, 1951 have been

included in the tables.

The static-longitudinal-stability problem is analyzed in

terms of the effects of such parameters as aspect ratio, sweep,

and leading-edge radius. The influence of stall-control de-

vices, high-lift devices, and a horizontal tail on the stability

of swept wings is*considered in detail. The lift character-

istics of swept wings are analyzed with respect to the same
parameters and devices! A few remarks have also been

included concerning the drag of swept wings. The high

Reynolds number data are summarized with very little

discussion in tables 1 to 47.

Deficiencies and inadequacies may, of course, be noted in

the present accumulation of data, and the possibility exists

that the schemes of analysis presented herein may undergo

revision as the apparent gaps are filled.

SYMBOLS AND TERMINOLOGY

SYMBOLS

Oh lift coefficient

L lift

AOh increment of lift coefficient at a= 0°

C-max maximum lift coefficient

increment of maximum lift coefficient

<K lift-curve slope

Cl section lift coefficient

^ lmax section maximum lift coefficient

cm pitching-moment coefficient about 0.25c'

Gd drag coefficient

D drag

Oz>
i

induced-drag coefficient

GDm{a minimum-drag coefficient

Odq profile-drag coefficient

Wake C4,
section profile-drag coefficient obtained_by_mo-

mentum method

P pressure coefficient-

Cq suction flow coefficient

R Reynolds number
M Mach number
dw rate of rise of wake center location relative to ex-

da tended wing-chord plane with angle of attack

a angle of attack

angle of attack at maximum lift coefficient

€ downwash angle

5/ trailing-edge-flap deflection

Sn deflection of leading-edge flap, slat or droop

V aspect-ratio correction factor (see ref. 11)

J tail factor depending on aspect ratio, taper ratio,

and flap span (see ref. 12)

T tail effectiveness parameter (see ref. 13)

e wing efficiency factor

S wing area

S' wing area affected by suction

b wing span

C' mean aerodynamic chord

c average chord

c local chord parallel to the plane of symmetry
c" ratio of chord of leading-edge flap to local wing

chord

y lateral coordinate

A aspect ratio

A angle of sweepback

X taper ratio

z vertical distance from extended wing-chord plane

V tail volume

i incidence

Subscripts

:

c/4 quarter-chord line

LE leading edge

e effective

w wing

t tail

max maximum
Abbreviations

:

L. E. leading edge

T. E. trailing edge

a. c. aerodynamic center

c. g. center of gravity

TERMINOLOGY

A certain latitude has been necessary in the definition of

various terms and in the nomenclature of various devices.

For example, some references use the term “usable” maxi-

mum lift, whereas others use the term “inflection” lift. In

both cases the terms usable and inflection are used to desig-

nate the lift coefficient at which there is a decided shift in

aerodynamic center. Differences in definition and nomencla-
ture have been pointed out where comparison with the refer-

ence report might not be clearly understood.

PRESENTATION OF DATA

All pitching-moment data, unless otherwise specified, are

computed about the 0.25 mean aerodynamic chord. For
convenience, this moment center will be considered the

center of gravity and hence the longitudinal stability may
be referred to as either stable or unstable.

Insofar as possible, a tabular form has been used to sum-
marize the large amount of data available (refs. 13 to 67).

An index to the tabulated data is given in table 1 . The
tables 2 to 47 are for the most part self-explanatory; some
data which were repetitious and overlapping have been

excluded. All data have been referenced so that the reader

may easily refer to the detailed conditions under which the

tests were made. It will be noted that values of Rmax and

Mmax are listed in a headnote of each table. These values of

Reynolds number and Mach number represent the highest

values at which the wing was tested. Inasmuch as tests of

the wing plus gadgets were in most cases confined to lower

values of Reynolds number and Mach number, the data in

the tables were restricted to a Reynolds number range
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between 6.0X109 and 7.0X109
. In some cases data were

available only at Reynolds numbers lower than 6.0X106 and
in such cases the values of Rmax andMmax define the test con-

ditions for the tabulated data.

The column headings have the following general signifi-

cance:

Span of LJE. device (6/2) : The span of the leading-edge

device (slat, flap, etc.) is given in fraction of wing semispan.

The outboard end of the device is located between 97 percent

and 100 percent of semispan.

Span of T.E. device (6/2) : The span of the trailing-edge

high-lift device is given in fraction of wing semispan. With
few exceptions the inboard end of the device is located at

the plane of symmetry when a fuselage is not present.

Some investigators^ measured the flap deflection in a plane

parallel to the air stream whereas others measured it in a

plane perpendicular to constant percent line on the swept

panel. Reference to the original report should be made
when such details are required.

Configuration: The sketches shown assist in interpreting

the table, although plan-form details are unavoidably lacking

except in those cases where deemed absolutely necessary.

Cz,max : In many cases the tops of the lift curves were

relatively flat and the selection of the maximum value was
difficult. In such cases consideration was given to the angle-

of-attack range involved and the value was selected at the

angle of attack at which the lift effectively leveled off.

This an&le represents the angle of attack at which

the tabulated value of CLtmnr was first obtained."max

LjD at 0.85CLmax : The values of lift-drag ratio obtained

at a lift coefficient of 0.85<7^
fff

are presented in order to

provide a comparison among the configurations in the high-

lift range.

Om characteristics: The longitudinal stability character-

istics are easily compared from these compressed plots of Om
against CL .

The data presented in the figures are intended to illustrate

the trends indicated by the tabular data. In addition to the

data from the tables, data from references 28 and 68 to 89

have been used in the preparation of the figures. Unfor-

tunately, sweep is only one of the variables and hence its

influence on the aerodynamic characteristics cannot be

isolated quantitatively except in the most general degree.

An index to the figures is presented in table 48.

FLOW CONSIDERATIONS

Fundamental to the improvement of both the stability

and maximum lift characteristics of swept wings is a knowl-

edge of those factors which both influence and induce flow

separation. It has been found that on certain sweptback

wings leading-edge separation may precede or accompany

trailing-edge separation, with the result that the variations

of pitching-moment coefficient with lift coefficient are quite

unlike those obtained when only trailing-edge separation is

involved. Similarly, appreciable differences in the maximum
lift characteristics exist between swept wings exhibiting

trailing-edge separation and those exhibiting leading-edge

separation. Inasmuch as the stability and lift character-

istics and the required methods of flow control associated

with leading-edge separation are so different from those as-

sociated with trailing-edge separation, an attempt has been

made, in the following sections, to present the basic phe-

nomena of the different types of flow separation.

One effect attributable to sweep is a change in the span-

wise distribution of induced angle of such nature as to cause

the load on the wing of a. given aspect ratio and taper ratio

to be concentrated further outboard when the sweep angle is

increased (fig. 1) . Flow separation and consequent loss in

lift over the outboard sections would necessarily precede

that over the inboard sections.

' The induced camber which exists on either a swept or un-

swept wing is negative at the tip and positive at the root.

The negative induced camber at the tip sections produces

adverse pressure gradients very conducive to flow separa-

tion; whereas the positive induced camber at the root sec-

tions minimizes the adverse pressure gradients so that the

flow over these sections is very resistant to flow separation.

The significant effect of induced camber is, therefore, its

influence on the chordwise pressure gradients across the span.

TRAILING-EDGE SEPARATION

Another factor that promotes tip stall and is attributable

to sweep, or at least is accentuated by it, is the manner in

which the boundary layer flows on the wing. Elementary

considerations of the pressures on a straight wing indicate

an outflow of the boundary layer on the lower surface and

an inflow of the boundary layer on the upper surface. When
sweep is introduced, the respective chordwise pressure dis-

tributions are staggered so that, on any line perpendicular

Calculated by method

575

Figure 1.—Effect of sweep on the load distribution of a wing having

an aspect ratio of 8.02 and a taper ratio of 0.45.
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to the plane of symmetry, the pressures on the upper surface

become more negative with an increase in distance from plane

of symmetry. A pressure gradient, therefore, exists from
root to tip, which induces a boundary-layer flow from root

to tip.

The degree to which the outflow is established at any given

value of lift coefficient is dependent primarily on the sweep
angle involved. The outflow of the boundary layer produces

over the tip sections excessively thick boundary layers,

which separate more easily than those of normal thicknesses.

This outflow effectively removes the boundary layer from
the inboard sections so that the boundary layer over these

sections is more resistant to separation.

The combined effects of the induced-angle distribution on
the spanwise loadings, induced camber, and boundary-layer

growth over the tip sections on the section-lift character-

istics of a high-aspect-ratio, highly sweptback wing are in-

dicated by the data presented in figure 2. The airfoil sec-

tions incorporated in the wing were 12 percent thick and the

chordwise pressure distributions indicated that flow separa-

tion progressed from the trailing edge to the leading edge of

the tip sections. The maximum lift coefficients of the tip

sections fall far short of the maximum lift coefficients of the

root sections.

Some interesting boundary-layer studies made at low

Reynolds numbers on a 35° sweptback wing (ref. 90) reveal

the complexities which arise from the outflow of the boundary
layer. The results presented in reference 90 show that the

outflow may be as much as 25° on the surface of the wing,

whereas the flow at the upper edge of the boundary layer may
be directed toward the plane of symmetry as much as 10°.

In many investigations of wings having sweep angles greater

than 35°, surface tufts have indicated outflow much in excess

of 25°. The development, growth, and separation of a

turbulent boundary layer, complex in two-dimensional flow,

becomes even more complex when sweep is introduced.

The variations of pitching moment with lift to be obtained

when the tip separation is present are indicated in figure 3.

The data indicate the extent to which the wing will become
longitudinally unstable at the stall if the sweep angle is in-

creased whereas all other parameters are held constant.

Further increases in sweep angle for this particular wing
would result in unstable tendencies at progressively lower

values of lift coef$cient.

LEADING-EDGE SEPARATION

When sweep is incorporated in a wing, the airfoil sections of

which exhibit a pronounced leading-edge-separation bubble,

a conical vortex lying on the wing surface can be observed

(ref. 72). The existence of such a vortex flow is not limited

Figure 2.—Stall progression on a sweptback wing (A e/4=45°) having an aspect ratio of 8.02, a taper ratio of 0.45, and NACA 63iA012 airfoil

sections as indicated by the section lift characteristics. (Data obtained from ref. 70.)
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Figtjhe 3.—Variations of pitching-moment coefficient with lift coeffi-

cient for a family of wings having aspect ratio of 6.0, taper ratio of

0.6, NACA 2416 airfoil sections, and various amounts of sweep.

(Data taken from ref. 71.)

on the pressure distribution and the lift and pitching-moment char-

acteristics of a sweptback wing (A c/i=45°) of aspect ratio 3.5 and
incorporating circular-aro airfoil sections. Cl= 0.67. (Data obtained
from ref. 72.)

to only those wings incorporating airfoil sections which

exhibit a separation bubble, but its presence on them is

more easily predicted. For example, if the induced camber

effect on a swept wing is great enough, it may cause an air-

foil section which stalls in two-dimensional flow from the

trailing edge to stall in three-dimensional flow from the

leading edge. The result may be that a leading-edge-

separation bubble necessary to the formation of the vortex

flow is developed. The spanwise extent of the localized

leading-edge vortex due to the induced camber over the tip

sections probably depends most directly on the values of

leading-edge radii involved. The influence of leading-edge

radius on the formation of a leading-edge-vortex flow of suffi-

cient strength to affect materially the aerodynamic character-

istics of swept wings will be discussed subsequently.

The leading-edge-vortex flow results from both the leading-

edge separation bubble and the spanwise pressure gradient

introduced by sweep and has been observed to be conical in

cross section perpendicular to the leading edge with the

diameter of the cone increasing in the tip direction. This

shape arises from the fact that at the tip sections the vortex

contains an accumulation of the dead air that has drained

from the more inboard sections. Probe studies made on the

DM-1 glider modified to provide a sharp leading edge in-

dicated the presence of a vortex lying on the wing surface

(ref. 91); however, the pressure-distribution tests on a 48°

sweptback wing of aspect ratio 3.5 and incorporating circular-

arc airfoil sections (ref. 72) seem to be the first to illustrate

the mechanics of this type of separation. The results of this

investigation have been schematically illustrated in figure 4.

The presence of the vortex flow reduces the leading-edge

pressures but at the same time broadens the regions of high

ckordwise loading and causes rearward shifts in center of

pressure. Although the section lift characteristics presented

in figure 4 do not indicate a strong influence of the vortex

flow at the outermost station, pressure-distribution data of

reference 72 show it to exist. It is probable that the con-

centration of boundary-layer air over the rear part of the tip

sections separates early and hence tends to nullify the effects

of the vortex flow, so that the resulting lift is low but varies

fairly linearly with angle of attack to the stall for this section.

With an increase in angle of attack, the vortex becomes
stronger over the more inboard stations and the boundary-
layer concentration is swept off as the vortex is shed from the

wing. The result is that these stations experience an in-

crease in lift-curve slope as indicated by the data of the

0.60&/2 station. With further increase in angle of attack

the vortex moves inboard along the trailing edge and leaves

more of the tip sections in a diffused region of vortex flow;

whereas the inboard sections are experiencing an increase in

lift-curve slope because of the increased strength of the

vortex flow.

These changes in lift characteristics brought about by the

vortex flow produce rather severe changes in the pitching-

moment characteristics through the lift range. As can be
seen in figure 4, the initial dip in the pitching-moment curve

occurs when the vortex has formed with appreciable strength

over the outboard sections. The vortex moves inboard

along the trailing edge with an increase in angle of attack,

thus the tip sections are in a diffused region of vortex flow

and their lift-curve slopes are decreased. At the same time

the inboard sections are experiencing an increase in lift-

curve slope. The changes in span loading associated with

these effects cause a destabilizing pitching-moment varia-

tion through the moderate lift range. At maximum lift

it is possible that the vortex has moved inboard sufficiently

to cause a rearward shift in the centers of pressure so that
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a stable pitching-moment break at maximum lift is obtained

or that the stable pitching moment merely results from the

tendency of the wing to assume the pitching-moment co-

efficient for the stalled flat-plate plan form for this wing.

Although a sharp leading-edge wing is an extreme case used

to illustrate the mechanics of vortex flow, recent pressure-

distribution tests on a wing of NACA 64A006 series airfoil

sections (ref. 92) permits the same analysis.

The sweep angle at which vortex flow assumes a contri-

buting role appears to be related to the leading-edge radius of

the airfoil sections employed. (It is necessary at this point

to state that the lift coefficient at which the vortex flow is

initially formed is also a variable to be considered. Of im-

mediate concern, however, is the rather broad grouping of

those wings which are subject to the influences of vortex flow

and those wings which are not, and lift considerations will

be dealt with subsequently.) The leading-edge radius de-

creases rapidly with airfoil thickness; hence, the thinner the

wing, the lower the sweep angle at which the vortex flow is

observed. Figure 5 has been prepared from admittedly

meager data, but it does indicate regions influenced by vortex

flow and not influenced by vortex flow. Although additional

data could have been used in the preparation of this figure,

they were not used because probe studies were lacking or

there was a doubt as to whether or not the two-dimensional

section would exhibit a separation bubble. It should be

pointed out that two values of leading-edge radius are shown
for several of the wings used to establish this boundary. In

such cases, the wings were not constructed with their

theoretical airfoil sections parallel to the air stream. The
smaller leading-edge radius shown in figure 5 for each of these

wings was obtained by multiplying the normal radius of the

theoretical section by the cosine of the angle through which

the airfoil sections were rotated. This result is believed to

give a fair approximation of the streamwise radius.

Figure 5.—An approximate boundary for the formation of a leading-

edge vortex resulting from leading-edge separation expressed in

terms of leading-edge radius and sweep angle for uncambered wings.

Data obtained at a Reynolds number of 6.0X10*. Open symbol
denotes radius perpendicular to cl4 line; solid symbol denotes radius

parallel to plane of symmetry. (Numbers adjoining symbols denote

references.)

Inasmuch as leading-edge separation is dependent on
Reynolds number (ref. 93), the vortex flow that results when
sweep is introduced is also dependent on Reynolds number.
For example, in figure 6 the variations in inflection lift

coefficient with Reynolds number are presented for two 60°

sweptback wings having aspect ratios approximately 2.9.

One wing incorporates circular-arc airfoil sections, and the

other incorporates NACA 64!-112 airfoil sections. The
inflection lift coefficients were found to be concurrent with a

vortex flow lying along the leading edge and of such a size

as to be visible in probe studies. Actually, the probo
studies gave the impression of a rather sudden formation of

the leading-edge vortex concurrent with the inflection in

lift-curve slope, but it is probable that the formation grows
over a finite lift range to a size great enough to influence the

section lift characteristics. The results indicate that,

whereas the inflection lift of the wing of circular-arc airfoil

sections is not influenced by variation in Reynolds number,
the inflection lift for the wing incorporating the NACA
64!-112 airfoil sections is greatly affected. This result im-
plies that the boundary of vortex flow illustrated in figure 6

for data at approximately 6.0X10® Reynolds number would
probably have a lower slope for data at higher test Reynolds
number and a higher slope for data at lower test Reynolds
number.

It has been indicated that the presence of the vortex flow

produces undesirable pitching-moment characteristics.

This must be qualified, however, as indicated by the data
presented in figures 7 and 8. Figure 7 shows the influence

of sweep on the pitching-moment characteristics of a wing
the airfoil sections of which exhibit a separation bubble in

two-dimensional flow and which a,t 30M sweep would bo ex-

pected to have a spanwise presimre gradient sufficiently

strong to result in vortex flow. The data presented in figure

7 show that the effects of vortex fl6w are beneficial with re-

gard to both the maximum lift and pitching-moment
characteristics at a sweep angle of 30°. Figure 8 shows the

Figure 6.—Effect of Reynolds number on the inflection lift coefficient

resulting from leading-edge vortex flow for wings incorporating

round-nose and sharp-nose airfoils. A<,/4=60o
; A*=2.9; X=> 0.026.

(Data obtained from refs. 64 and 74.)



A SUMMARY AND ANALYSIS OP THE LOW-SPEED LONGITUDINAL CHARACTERISTICS OP SWEPT WINGS 1397

Figure 7.—An example of the effects of sweep on the variation of

pitching-moment coefficient with lift coefficient when leading edge

separation is present. The wings have aspect ratios of 4, taper

ratios of 0.0, and NACA G5A006 airfoil sections. (Data obtained

from ref. 14.)

Figure 8.—An example of the effect of aspect ratio on the variation

of pitching-moment coefficient with lift coefficient when leading-

edge separation is present. The wings are sweptback (Ac/i=45°),

have taper ratios of 0.6, and incorporate NACA 65A006 airfoil

sections. (Data obtained from ref. 14.)

influence of aspect ratio on the pitching-moment character-

istics of a wing which exhibits leading-edge vortex flow. The
data presented in figure 9 indicate that vortex flow can be

used to improve the longitudinal trim and maximum lift of

the delta type of wing.

MIXED SEPARATION

Although those wings which fall far to either side of the

boundary defined in figure 5 are definitely characterized

either by trailing-edge separation or by leading-edge separa-

tion, the stability characteristics of wings having geometric

Figure 9.—An example of the reduction of the longitudinal stability

and out-of-trim pitching moment of a delta wing (Alb=00°) by the

leading-edge vortex flow resulting from leading-edge separation.

(Data obtained from ref. 56.)

characteristics which place them in the vicinity of the

boundary conditions of figure 5 will be influenced by both

types of separation. For example, vortex flow was observed

on a 47° sweptback wing of aspect ratio 5.1 and incorporating

round leading-edge airfoil sections (ref. 73) at a lift coeffi-

cient of 0.35 for the test Reynolds number of 1.1X106
(fig.

10). The increase in stability at this value of lift coefficient

is, as previously discussed, obtained when the vortex flow

is present over the tip sections. When the Reynolds num-
ber was increased to 6.0X 10°, the formation of the vortex

flow was delayed to higher lift coefficients and separation of

flow over the tip sections produced the unstable break in

pitching moment noted at a lift coefficient of 0.85. The
vortex flow did form over the inboard sections at higher lift

coefficients, as indicated by the probe studies, and probably

contributed to the large positive moments measured in the

vicinity of C^max- In this particular case, then, Reynolds

number greatly influences the type of separation obtained.

Figure 11 has been prepared to show schematically how the

lift coefficients at which leading-edge vortex flow and tip
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Figure 10.—An example of the effect of mixed-flow separation result-

ing from an increase in Reynolds number from 1.10 to 6.00X10* on

the pitching-moment characteristics. (Data obtained from ref. 73.)

separation become contributing factors to the variations of

pitching-moment coefficient with lift coefficient obtained at

various Reynolds numbers. The force data available in

reference 73 and unpublished probe studies have been

utilized in the preparation of figure 11. The probe studies

were limited by physical conditions to a maximum Reyn-

olds number of 3.5X106 and, hence, it is not possible to

state whether the vortex flow would have been totally

eliminated in the Reynolds number range of the force tests.

It is important to realize that any data obtained on thin

round-nose airfoils (fig. 5) at low Reynolds number

or, in fact, at any Reynolds number below the flight

value, can be very misleading, or at least should be inter-

preted in terms of the Reynolds number effect just described,

as concerns the stability changes through the lift range.

Figure 11.—Variation of the lift coefficients with Reynolds number

at which trailing-edge separation and leading-edge separation occur.

A=5.1; x=0.383. (Data obtained from ref. 73 and unpublished

probe data.)

ROUGHNESS

Although present-day standards for fabricating the leading

edges of high-speed aircraft approach those for wind-tunnel

models in a smooth condition, it is necessary to consider the

adverse effects of roughness on the types of flow separation

just discussed. The degree of roughness currently em-

ployed in wind-tunnel roughness tests is entirely too severe

to- be representative of that found on production aircraft,

but it may be that the aerodynamic changes are indicative of

those to be obtained with a lesser degree of roughness. In

any case, experimental studies are required to determine the

effects of various degrees of roughness on swept wings.

Prom the limited data available on tests of swept wings

with roughness, it appears that on wings exhibiting trailing-

edge separation, roughness eliminates the beneficial effects

to be obtained by an increase in Reynolds number. In the

case of a Az>e
=42° wing having an aspect ratio of 4 and in-

corporating NAOA 64x
—112 airfoil sections (ref. 94) the stall

progression for the smooth wing at the lowest Reynolds

number (1.7X109
) and the progression for the rough wing at

Reynolds numbers up to the highest (9.5X10°) were very

similar. This similarity was also borne out by the force

data.
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When roughness was applied to a wing having A c/4=50°,

an aspect ratio of 2.9, an NACA 64j-112 airfoil section, and

exhibiting a leading-edge vortex flow when in a smooth con-

dition, the inflection lift coefficient remained approximately

constant through the Reynolds number range of the tests

(ref. 74). Although probe studies were not made when
roughness was applied at the leading edge, the similarity of

the pitching-moment characteristics with those obtained on

the smooth wing indicates that the leading-edge vortex was

present and was due entirely to the effects of the roughness.

It is interesting that, from these data, it can be conjectured

that a region of laminar boundary layer exists on the rough

wing which separates and reattaches in order to form the

core of the leading-edge vortex. In order to illustrate the

magnitude of the roughness effects on the inflection lift

coefficient the results presented in reference 74 are reproduced

in figure 6.

LONGITUDINAL STABILITY

GEOMETRIC CONSIDERATIONS

Separation on swept wings initially occurs over the tip

sections and is a result of leading-edge separation, trailing-

edge separation, or a combination of leading- and trailing-

edge separation. Tip stalling could obviously result in a

loss in lift behind the moment center of such a magnitude as

to cause a nose-up or unstable pitching-moment variation.

The compilation work of Shortal and Maggin (ref. 10)

showed that whether or not instability would be obtained on
a wing of given sweep depended primarily on aspect ratio

(see the INTRODUCTION). Although this empirical

study did not differentitate between the types of flow separa-

tion encountered on swept wings, the stability boundary
constructed does provide a general classification of the

stability of any particular wing; however, inadequacies were
to be found.

In order to provide at least a qualitative explanation for

this stability boundary, a re-evaluation of the data presented

in reference 10, together with an evaluation of more current

data, has been made (fig. 12). It was found that the sta-

bility boundary as presented in reference 10 was quite

adequate for wings having taper ratios of 1.0 (or nearly 1.0)

but was inadequate for wings having Very small taper ratios.

(See, for example, the pointed wing data presented in fig.

12.) In an effort to correlate this additional effect of taper,

it was found that the geometric ratio of the area rearward of

the 0.25c' to the total wing area could be used as a single

stability criterion in place of the three parameters sweep,

aspect ratio, and taper ratio. If this area ratio exceeds

0.69, the wing is in the stable region and if it is less than 0.69

the wing is in the unstable region. In figure 12 are shown two
stability boundaries based on this criterion, one for a taper

ratio of 1.0 and one for a taper ratio of 0. The first curve

agrees very well with that from reference 10 except in the

low-sweep range where the experimental data upon which
409104—5S 89

Figure 12.—Empirical longitudinal-stability boundary of reference 10

and its relationship to lines of constant area ratio. (Experimental

data obtained from refs. 56 and 75.)

the stability boundary is based are meager (fig. 12) ;
whereas

the second curve, which lies above that of reference 10, pro-

vides considerably improved agreement with the experi-

mental data for wings with taper ratio of 0.

The spanwise distributions of lift obtained for families of

wings having taper ratios of 1.0 and 0 and which are defined

by this area-ratio value of 0.69 (corresponding to the two
stability boundaries in fig. 12) have been presented in

figure 13. The spanwise loadings for the family of wings of

different sweep but having taper ratios of 1.0 are somewhat
more similar than for the family of wings haVing taper ratios

of zero.

The outward shift in the stability boundary for the family

of wings having taper ratios of 0 indicates that an imbalance

of the moment areas is the more important factor with regard

to stability than the occurrence and severity of the tip stall.

Inasmuch as the tip sections of highly tapered wings operate

at higher values of lift coefficients relative to the root sec-

tions than those on untapered wings, separation occurs

earlier and, thus, the tip-stalling tendencies are more severe

on the tapered wings. If the severity of the tip stall were
of primary concern, therefore, the boundary might be ex-

pected to be displaced toward the left.



1400 REPORT 1339—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

(a> Taper ratio= 1.0.

Figtoe 13.—Load distribution for families of wings defined by the lii

STALL CONTROL

The study of the flow characteristics on sweptback wings

makes possible a rational approach to the problem of stall

control. The delay or prevention of flow separation over

the trailing edge or leading edge of a wing may utilize a

device attached to or built into the wing or may be embodied

in the aerodynamic design of the wing itself. In the follow-

ing discussion each approach will be considered separately.

Such a procedure necessarily results in some duplication

because in many applications two or more possible solutions

are employed in an attempt to obtain the desired pitching-

moment characteristics.

Some remarks pertinent to the attainment of adequate

(b) Taper ratio=0.

of constant area ratio in figure 12. (Loadings obtained from ref. 70.)

stall control on wings exhibiting the types of flow separa-

tion previously discussed are considered. For example, in

the case of a wing having trailing-edge separation, it is

necessary to prevent trailing-edge flow separation over the

tip sections until lift has been lost forward of the moment
center. In the case of leading-edge separation extending

across the entire leading edge, a full-span device would bo

required for its elimination. Obviously, such control would

merely create a wing then subject to trailing-edge separa-

tion at the tip sections and which, in turn, would require

further control in order to provide satisfactory stability.

It will be shown later, however, that instead of completely

eliminating the vortex flow, a simpler and more direct ap-

proach would be to direct or diffuse the vortex off the tip
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sections in such a way as to obtain linear pitching-moment

characteristics.

DEVICES

Fences or vanes.—Data on fences and vanes are presented

in tables 7, 19, 20, 21, 25, 26, 29, 33, 34, and 38 from refer-

ences 13, 14, 19, 27, 34, 36, 39, 41, 48, and 52. Additional

information, obtained for the most part at low Reynolds

numbers, is contained in references 80, 95, 96, 97, 98, and 99.

Preliminary considerations of stall control for either type

of flow separation discussed suggest placing a restriction on

the outflow of the boundary-layer air on sweptback wings.

A fence (vane) can be used to provide a physical boundary

to the outflow of boundary-layer air. Thus, in the case of

trailing-edge separation the boundary-layer build-up over

the tip sections would be eliminated and hence these sections

would not stall prematurely. When leading-edge separa-

tion is present, the fence would be required to redirect or to

diffuse the leading-edge vortex at a spanwise station such

that linear moment characteristics are obtained.

For the fence to be effective in controlling trailing-edge

separation, the spanwise accumulation of boundary-layer

air is shed off the wing at the location of the fence at a rate

sufficient to prevent the accumulated boundary layer from

spilling over the fence in the spanwise direction. In some
installations employing fences of reasonable height, it

might be necessary to employ several fences in order to pre-

vent the boundary-layer build-up over the tip section.

Another condition that would necessitate the use of a multi-

ple-fence arrangement would be that in which the aspect

ratio is so great that the distance outboard of a single fence

(size not a limiting factor) is sufficient to allow another ac-

cumulation of boundary-layer air to occur at the tip sections.

From the literature it is apparent that the fence should be

located over the rear part of the chord in order to be effective

in controlling trailing-edge separation. Just how far for-

ward the fence should extend cannot be stated, but it appears

from available experimental data that in order to delay the

instability to maximum lift, the fence should extend to about

the 5-percent-chord point. Although restrictions to the

outflow of the boundary-layer air can materially improve the

pitching-moment characteristics through the lift range, the

induced downwash effects are still such that separation occurs

first over the tip portions of the wing which exhibits trailing-

edge separation and, if the wing plan form is such as to place

it above the boundary of figure 12, an unstable pitching-

moment break at maximum lift is obtained.

For the fence to be effective in controlling the effects of

leading-edge separation, it is apparent that the fence must
be located over the forward part of the chord. Actually

experience has shown that the fence should extend around

the leading edge to the lower surface. It appears that the

size should be large enough to contain the leading-edge

vortex, but as there are no data available on the size of such

vortices it is not possible to state the size requirements for

such a fence. One investigation has been made at low Reyn-
olds numbers to determine the minimum size of fence re-

quired to give the maximum increase in stability for a wing

which without fences was stable through the stall (ref. 95).

These data might be applicable as a guide to the size required

on an unstable wing at high Reynolds numbers.

Inasmuch as the fence has no appreciable effect on the

spanwise variation of induced downwash and must, in most
applications, be of small height, it serves only as a delaying

device for the instability. Exceptions have been found where
besides delaying the onset of instability, fences have actually

caused stable pitching-moment breaks at maximum lift. In
one case the application of a leading-edge stall-control device

to a swept wing reduced a condition of severe instability to

one of marginal instability which was eliminated by the

further addition of a fence (ref. 52). In another case, a
wing-fuselage-tail combination exhibited instability through

the high lift region. A recent analysis of these data offers

the explanation that the instability was not chargeable to

the pitching-moment characteristics of the wing but rather

to the destabilizing effect of the horizontal tail in the down-
wash field of the wing (effect of tail on the over-all stability

will be discussed in a later section). It was found, however,

that properly located fences on the wing could so alter the

flow characteristics at the tail that the instability due to the

tail was significantly reduced (ref. 95).

There has been a question raised from time to time as to

whether or not the improvements in stability obtained in

wind-tunnel tests of wings with fences are to be realized at

flight Reynolds numbers. It would appear that any empiri-

cal relationship between the influence of fences and the effects

of variation in Reynolds number would involve the wing-

thickness-ratio as a parameter. Thus, on thin wings whose
leading-edge radii are such as to place them well below the

boundary shown in figure 5, large increases in Reynolds

number would not eliminate the need for fences as determined

from wind-tunnel tests. If the wing thickness (leading-edge

radius) approaches or lies above the boundary of figure 5,

increases in Reynolds number might necessitate a relocation

to maintain their effectiveness and in some instances their

need might be eliminated.

The data presented in reference 39 show that fences can

be used to control the boundary-layer outflow to such an
extent that linear pitching-moment characteristics are

obtained on a relatively high-aspect-ratio sweptback wing.

As suggested in the previous paragraph, the required number
and position of fences may be somewhat different at flight

Reynolds numbers. The effects of several fence arrange-

ments on the pitching-moment and section-lift character-

istics of this wing are shown in figure 14 (refs. 39 and 70).

These results may appear optimistic in fight of a similar in-

vestigation on a wing of the same sweep but having a lower

aspect ratio (5.1) (ref. 48) where both single- and multiple-

fence arrangements did not provide very significant improve-

ments in the pitching-moment characteristics. In the latter

tests, however, leading-edge separation was present as

evidenced by the fact that the leading-edge fence (extended

to the lower surface) caused an improvement in the pitching-

moment characteristics that was not materially changed by
an extension of the fences to the trailing edge. The data

of reference 48 may point out that greater difficulty is to be
expected in selecting the size, number, and position of

fences to control this type of separation.
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Figure 14.—Effect of fences on the section lift and wing pitching-moment characteristics of a sweptback wing (A „/4= 45°) having an aspect

ratio of 8.02, a taper ratio of 0.45, ,and NAGA 63^012 airfoil section. (Data obtained from ref. 70.)
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For illustrative purpose, the effects of fences on the

pitching-moment characteristics of several sweptback wings

of various configurations have been shown in figure 15.

The information available is not sufficient to allow for

adequate prediction of the optimum number, size, and loca-

tion of fences for any given wing. In general, it appears

that in each case an exploratory investigation is required to

determine the optimum arrangement. The skill and under-

standing of the investigator will undoubtedly be reflected

in the adequacy of the arrangement thus obtained.

Nacelles and stores.—When the airplane design is such

that either the power plant, fuel, or cargo must be located

outside of the wing and fuselage, the basic requirement is

that the location selected will provide the minimum inter-

ference ding at high speeds. It is interesting, however, to

consider the possibility of positioning these external bodies

so that they contribute an improvement to the low-speed

longitudinal stability of sweptback wings.

The literature on externally mounted bodies (for example,

ref. 100) is largely concerned with specific configurations

from the drag considerations.

In the development work on the Boeing B-47 airplane,

some low-speed tests were made with the outboard and in-

board nacelles in various positions, and a summary of the

results appears in reference 77. The improved pitching-

moment characteristics obtained in this investigation are

shown in figure 16.

The low-speed considerations appear to indicate that the

stabilizing advantage to be derived from suitable placement
of external bodies could and should receive the attention of

the designer.

Extensible leading-edge flaps.—Data on extensible leading-

edge flaps are presented in tables 6, 7, 9, 19 to 22, 25, 26, 30,

34, 38, 39, 44 to 46 from references 13, 18, 19, 21, 27, 29, 31,

32, 33, 34, 35, 36, 37, 38, 39, 41, 44, 45, 46, 48, 49, 50, 52, 54,

55, 60, 64, and 65. Additional information is contained

in references 101 to 103.

One device which has Been used successfully to delay flow

separation at the tip sections until lift has been lost further

inboard is the extensible leading-edge flap. This flap is

patterned after the type suggested by Kruger (ref. 101) to

improve the maximum-lift characteristics of high-speed

profiles. The difficulties of fabricating and installing an
extensible leading-edge flap on an airplane have never been

Figure 15.—The effect of fences on the pitching-moment characteristics of several sweptback wings.
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Figure 16.—The effect of nacelles on the pitching-moment charac-

teristics of a sweptback wing-fuselage combination (Ae/4=*35°)

having an aspect ratio of 9.43 and a taper ratio of 0.42. (Data
obtained from ref. 77.)

surmounted so that slats are generally employed, and the

extensible leading-edge flap remains a wind-tunnel tool.

Inasmuch as the slat and flap may be considered to provide

essentially similar relief to tip stalling (see fig. 17), the

ability to circumvent detailed slat-positioning studies by
using flaps has allowed a greater scope to be covered in wind-

tunnel work on sweptback wings than would have been pos-

sible employing slats. The extensible leading-edge flap is

generally a partial-span device with the outboard end

located in the vicinity of the wing tip. The extension in

chord reduces the spanwise flow tendency by partially un-

staggeiing the pressure distributions at the inboard end of

the leading-edge flap. A vortex also is shed from the in-

board end of the flap that is of such a rotation as to oppose

the outflow of the boundary-layer air. The pressure dis-

continuity at the inboard end of the flap assists in promoting

the initial separation inboard of the tip. The camber in-

troduced by the leading-edge flap allows the tip sections to

reach higher angles of attack before separation occurs.

In general, in order to obtain the greatest improvement in

the maximum lift characteristics while providing longitu-

dinal stability at the stall, the inboard end of the leading-

edge flap should be between 0.46/2 and 0.66/2 so that the

initial separation occurs just forward of the moment center.

If the wing is initially stable, then greater gains in maximum
lift may be obtained with greater spans of leading-edge flaps.

Two factors which can cause appreciable changes in the

optimum span just described are leading-edge vortex flow

Unsteody flow

Separated flow

Figure 17.—Stall patterns on a sweptback wing (A 0/4=35°) having

an aspect ratio of 6.0, a taper ratio of 0.6, and NACA 64j-212 airfoil

sections equipped with an extensible leading-edge slat, an extensible

leading-edge flap, and a droop-nose flap. (Data obtained from

ref. 27.)

and the proximity of the wing geometric characteristics to

the stability boundary of figure 12. In the case of leading-

edge vortex flow, the optimum span is generally smaller than

would otherwise be indicated for a wing exhibiting trailing-

edge separation and having similar geometric characteristics

(see, for example, ref. 13), and this reduction will be consid-

ered in greater detail in a subsequent section entitled “Chord-

Extensions.” For wings with aspect ratio and sweep angle

that approach the boundary of figure 12, longer spans of

leading-edge flaps may be used (see, for example, ref. 31).

The influence of a fuselage on the longitudinal stability

characteristics of a swept wing equipped with extensible

leading-edge flaps has, for the most part, been negligible;

however, a series of tests on a 42° sweptback wing of aspect

ratio 4 (ref. 31) did show a reduction in the optimum span

of extensible leading-edge flap when a fuselage was present.

It has been found that trailing-edge flaps may affect the
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optimum span of the leading-edge flap, but of more signifi-

cance is the fact that they can alter the successful applica-

tion of extensible leading-edge flaps. For example, the

results obtained in an investigation of a 45° sweptback wing

of aspect/ ratio 5.1 have been summarized in figure 18 to

show the influence of both type and span of trailing-edge

flaps on the longitudinal stability obtained with extensible

leading-edge flaps. Trailing-edge flaps having spans in

excess of 0.576/2 for the split type and 0.456/2 for the double-

slotted type nullified the stabilizing effectiveness of the

extensible leading-edge flap. It is interesting that a greater

improvement in stability was obtained when double-slotted

flaps of 0.406/2 and leading-edge flaps were used in com-
bination than when just the leading-edge flaps were used.

Again, the conditions just described perhaps depend on the

relatiye position of the geometric characteristics of the wing

to the stability boundary of figure 12. For example, on a
42° sweptback wing of aspect ratio 4.0 (ref. 35), full-span

split flaps did not produce any detrimental effect on the

longitudinal stability characteristics obtained with extensible

leading-edge flaps.

One modification to extensible leading-edge flaps that is

suggested from time to time is to taper the flap so that the

maximum chord is at the tip. The results that have been

obtained (ref. 31) show the tapered leading-edge flap to be

ineffective. It is believed that the main reason for the in-

effectiveness of the tapered leading-edge flap is that it does

not provide the discontinuity in plan form with the as-

sociated pressure discontinuity and flap-tip vortex neces-

sary to promote initial separation inboard and ahead of the

moment center.

The available experimental data appear to indicate that

the extensible leading-edge flap can provide an appreciable

but definitely limited shift in the stability boundary of

figure 12. Figure 19 has been prepared from experimental

data to show the manner in which stall controls displace the

I
Unstable at CLmox
Stable ot Q^.wilh unstable shift of ac. greater than Q.I5c prior to

Stable ot with unstable shift of ac. less than 0.15c prior to

Stable ot ith unstable shift of ax. less than 0.05c prior to

0 20 40 60 80 100 0 20 40 60 80 100
T.E. flop span, percent^

(a) Split flaps. (b) Double-slotted flaps.

Figure 18.—General summary of the effects of leading-edge and
trailing-edge flaps on the longitudinal stability characteristics of a

sweptbaok wing (A c/*— 45°) having an aspect ratio of 6.1, a taper

ratio of 0.383, and NACA 64-210 airfoil sections. (Data obtained

from ref. 48.)

Ac/A >

Figure 19.—In fluence of several types of stall control devices on the
longitudinal stability boundary of reference 10 for wings having
taper ratios greater than 0.4. (Numbers adjoining symbols denote
references.)

stability boundary of figure 12. Also included in figure 19

is an indication of the additional displacement of the sta-

bility boundary when fences are used in conjunction with
extensible leading-edge flaps. Actually no differentiation is

made in this figure for the types of flow separation on swept
wings, inasmuch as it appears that only the span of the device

will be affected by the type of flow separation.

Limitations must be attached to the boundaries shown in

figure 19 which arise from the fact that sweep and aspect-

ratio are not the only variables. The data indicated by the

symbols (fig. 19) are for wings which have taper ratios greater

than 0.4, and a comparison of the boundary established with
these data with that indicated in figure 12 for wings which
have taper ratios of 0 indicates that extreme taper has ac-

complished the same shift in stability boundary. Thus,
generalization of the effectiveness of extensible leading-

edge flaps in displacing the boundary shown in figure 19

with the data presently available is still very much conjecture

but probably on the conservative side.
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There are only limited low-speed data available on the air

loads on extensible leading-edge flaps (refs. 34 and 104).

Extensible leading-edge slats.—Data on extensible leading-

edge slats are presented in tables 7, 19, and 22 from references

19, 27, 29, and 38. Additional information is contained in

references 95 and 1Q5 to 107.

As previously stated, the slat provides essentially the

same relief or alleviation of flow separation over the outer

part of the wing as does the leading-edge flap (see, for ex-

ample, fig. 17). It is rational to believe that the effects of

span and spanwise position are very similar to corresponding

effects noted for leading-edge flaps. The shift in stability

boundary due to leading-edge flaps presented in figure 19 is

then presumed to apply equally well to slats.

The available positioning studies of slats on sweptback

wings are limited (German work reported in ref. 108 and the

work reported in refs. 109 and 110). It appears from the

specific investigations available that slats were designed

and positioned on the basis of two-dimensional data with a

few “rules of thumb” considered. If the results obtained in

an investigation correlating two-dimensional with three-

dimensional single-slotted flap positions (ref. Ill) can be

considered indicative of the correlation to be obtained by
the use of slats, it appears that current design practices need

not be assisted by detailed positioning studies. This is

somewhat substantiated by the fact that the slat designed

from two-dimensional data for a wing of A*/4
=35° and aspect

ratio of 6.0 was considered to have fulfilled its design pur-

pose (ref. 27).

Droop nose.—Data on droop-nose flaps are presented in

tables 7, 9, 10, 13, 14, 19, 21, 29, 34, 39, 41, and 44 from

references 14, 15, 19, 21, 22, 23, 25, 27, 36, 47, 48, 54, 57, and

60. Additional information is contained in reference 112.

The droop nose differs in one very important aspect from

either the extensible leading-edge flap or slat. There is no

extension in chord; hence the vortex shed from the inboard

end of the droop nose is weaker and less effective (for ex-

ample, the vortex may have a rotation such as to promote

outflow) in providing a barrier to the outflow of boundary-

layer air over the rearward portions of the wing. For this

reason, it would not be expected that the droop nose would be
as effective a stabilizing device on sweptback wings as either

the flap or slat. The experimental results presented in

figure 17 show that such is the case. It should be pointed

out, however, that these results merely imply that the shift

in the stability boundary would be less for the droop nose

than either the flap or slat, and, therefore, for wings only

marginally unstable, the droop nose may be as effective as

the leading-edge flap. Indications are that in some cases

the use of fences with droop nose may provide adequate

control.

Boundary-layer control.—Data on boundary-layer control

are presented in tables 4, 31, and 32 from references 45, 46,

and 16. Additional information is contained in references

92 and 113 to 116.

It has been known for a considerable time that flow separa-

tion can be delayed by either adding energy to the low-

energy boundary-layer air or removing the boundary layer.

Numerous two-dimensional tests have shown that the power

expenditure is less when the boundaiy layer is removed
(suction) than when energy is added (blowing). In the case

of boundary-layer removal, the air is drawn off through

either a slot or permeable surface.

Most experimental data have been obtained on wings which

exhibit leading-edge separation. These experimental data

have shown the most favorable slot location from flow-

separation considerations to be very close to the leading

edge, in fact, just rearward of the pressure peak on the wing.

Experimentally, this location is difficult to obtain; therefore

the slot is usually located so as to include the minimurq

pressure. With the slot located in the immediate vicinity

of the minimum pressure on the wing a very low pressure is

required in the plenum chamber in order to induce an inflow

into the slot. Actually, a rather large ‘chordwise pressure

gradient exists across the slot such that when the minimum
pressure is held an excess in differential pressure occurs over

the rear part of the slot. The power requirements and rates

of flow therefore are relatively high. The results presented

in reference 45 (fig. 20) indicate that, as in the case of slats

or flaps, desirable longitudinal stability characteristics are

dependent on the span over which control is exercised; that

is, the initial separation should occur at the inboard end of

the slot just forward of the moment center. Some attempt

has been made to control leading-edge separation by means
of several short chordwise suction slots located along the

leading edge, outboard of the 0.56-semispan station (ref. 113).

The wing had 63° sweepback of the leading edge, an aspect

ratio of 3.5, a taper ratio of 0.25, an NAOA 64A006 airfoil

section in a streamwise direction, no twist, no camber, no

dihedral, and zero wing-fuselage incidence. The separation

was delayed to some extent, as indicated by the fact that the

lift coefficient at which the pitching moment broke in the

unstable direction increased from 0.41 to 0.68. Reference

113 mentions that control inboard could probably have

caused a further delay. Although this may be true, it

should be pointed out that experimental data with extensible

leading-edge flaps would indicate that the increased linear

moment range would be accompanied by an increase in the

severity of the unstable pitching-moment break. This

result is confirmed by the porous area suction investigation

of reference 114.

Because the wings on which boundary-layer control has

been tried have exhibited leading-edge separation, the effec-

tiveness of suction slots located more rearward on the chord

in order to control trailing-edge separation may not be defined

clearly by the data presented in reference 46. It is still to

be shown whether spanwise or chordwise slots would be

more effective in delaying the build-up of low-energy air over

the rear portions of the tip sections. Low-scale data for

a swept wing (Ac/4=36.4°) of aspect ratio 5.85 and in-

corporating approximately 16.6-percent-thick airfoil sections

indicated that a chordwise gap is very effective in the control

of flow separation over the tip sections. The improvement
in longitudinal stability obtained with the chordwise gap

was remarkable inasmuch as the spanwise location seems to

have been arbitrarily chosen.
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Figure 20.—Effect of boundary-layer control by suction at the leading edge on the pitching-moment characteristics of a sweptback wing

(Ac/4=45°). ^4=3.4; X=0.51. (Data obtained from ref. 45.)

As in the cose of suction slots, the leading-edge separation

has dictated that area suction (porous material) be applied

very close to the leading edge. The work described in refer-

ence 92 was done with the idea of delaying separation over

the entire wing, and hence the configuration does not repre-

sent an optimum one from stability considerations if it is

assumed that the span of porous suction is as critical a sta-

bility factor as leading-edge slats or flaps. The sweep angle

(Aa/4^61
0
) and aspect ratio (3.5) of the test wing of reference

92 are such that desirable longitudinal stability would not be

expected from the use of the stall-control devices considered

so far (fig. 19), although a combination of stall-control de-

vices such as extensible leading-edge flaps and fences may
provide the desired results. Data obtained on the wing

described in reference 115 indicated that of the chordwise

extent of porous suction considered (1,2, and 3 percent of the

chord), the results obtained with a chordwise extent of 1 per-

cent were most favorable from longitudinal-stability con-

siderations. These results, it should be emphasized, were

obtained in an attempt to control leading-edge separation

and hence are not too applicable to the control of trailing-

edge separation. Additional work on the effect of varying^

chordwise porous area suction is reported in reference 116.

It is not possible at present to compare experimentally the

suction slot with the porous area suction of equal coverage

because the drag and power evaluations of both are not

available; however, theory indicates that porous area suc-

tion should require less power than slot suction. From low-

speed considerations it appears that, for acceptable pitching-

moment characteristics, the advantages of one over the other

will be decided more from power and structural considera-

tions than from aerodynamic considerations.

400X94—58 00

From the material available at this time, it appears that

the boundary-layer control may be as effective aerodynami-

cally in providing desirable pitching-moment characteristics

as the extensible leading-edge slat and flap and may also be

subject to somewhat the same limitations.

Chord-extensions.—Data on chord-extensions from ref-

erence 53 are presented in tables 38 and 39.

As previously discussed under the section entitled “Fences”

the problem of obtaining satisfactory longitudinal stability

when the leading-edge vortex flow is present may not neces-

sarily require a change in the effective camber of the tip

sections of the wing but may rather be a matter of diffusing

the vortex flow. In this regard, the results obtained by a

mere extension of the local chord over the outer portion of

two highly sweptback wings are very promising (ref. 53).

In figure 21 are presented the pitching-moment variations

with lift for two wings with AcM=50o equipped with exten-

sible leading-edge flaps and chord-extensions. In the case

of the wing which incorporates circular-arc airfoil sections,

both the extensible leading-edge flap and the chord-extension

improved the longitudinal stability characteristics of the

wing alone to about the same degree. In the case of the

wing incorporating NACA 64-series airfoil sections, the ex-

tensible leading-edge flap was somewhat more effective than

either a sharp-nose or round-nose chord-extension. The
differences in pitching moment between the round and sharp

leading-edge chord-extensions indicate that nose shape of

the chord-extension is a significant geometric factor in the

the design of this device.

The following discussion of the effects of chord-extensions

on the flow over swept wings and on the longitudinal sta-

bility of such wings is based on force-test results and on visual
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(a) Circular-arc airfoil sections. (b) NACA 64-series airfoil sections.

Figure 21.—Comparison of the effects of extensible leading-edge flaps and chord-extensions on the pitching-moment characteristics of two
sweptback wings (Ac/*= 50°) having different airfoil sections. (Data obtained from ref. 63.)

probe and surface tuft observations of the flow over the

wings described in reference 53, and on similar results from
another wing of different sweep angle and airfoil section that

has been investigated in the Langley 300 MPH 7- by 10-foot

tunnel. More precise development of these concepts will

probably require pressure-distribution studies.

Chord-extensions would be expected to have a beneficial

effect on the pitching-moment characteristics of any swept-

back wing because of the fact that, like an extensible leading-

edge flap, the plan-form discontinuity at the inboard end of

the chord-extension gives rise to a vortex in the stream direc-

tion which tends to prevent the low-energy air from the in-

board sections from influencing the boundary layer at the

outboard sections. The angle-of-attack range through

which this improvement in flow over the outboard sections

is realized and the manner in which the pitching-moment
characteristics are improved seems to depend on the airfoil

section employed in the wing and to some extent on the wing
plan form. In the following discussion the flow phenomenon
is discussed relative to airfoil section although the influence

of wing plan form is such that itmay increase or decrease the

relative importance of airfoil section for any given swept
wing.

In the case of a swept wing with a sharp leading edge,

leading-edge separation occurs at very low lift coefficients.

In fact the leading-edge separation vortex arising from
leading-edge separation is quite strong at lift coefficients

very much lower than those at which trailing-edge separa-

tion would be expected on a wing of the same plan form but
incorporating airfoil sections of large leading-edge radius.

The action of the chord-extension vortex is such as to alter

the direction of the leading-edge vortex emanating from the

inboard sections of the wing and its direction of rotation is

such as to oppose the rotation of the inboard vortex. Al-

though the diffusion of the two opposing vortices causes them
to lose their identity, probe studies indicate that, in contrast

to the case of the wing without chord-extension where tho

spanwise drain of the low-energy boundary-layer air trails

off at the wing tips, the chord-extension vortex causes the

low-energy air from the inboard sections to trail off the wing

at a spanwise station slightly outboard of the inboard end of

the chord-extension. The restriction of the inboard leading-

edge vortex from the tip sections prevents them from ex-

periencing the increase in lift and the attendant increase in

stability between points A and B of sketch 1.
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Cl

Sketch 1.

Observations of tufts attached to the airfoil surface have

indicated an improvement in flow over the tip sections

spanned by the chord-extension through the lift-coefficient

range from A to B. It should be pointed out that this im-

provement in flow results in a decrease in lift rather than the

increase that is customarily obtained when flow conditions

are improved. At lift coefficients only slightly greater than

point B, surface tufts do not indicate any substantial differ-

ences in flow between the chord-extension on-and-off condi-

tions. This result may arise either from the fact that the

inboard leading-edge vortex is strong enough to break

through the chord-extension vortex or that the secondary

vortex observed to be present on the chord-extension con-

tributes to the general breakdown of flow at the outboard

sections or from the combination of both effects. The
secondary vortex on the chord-extension has been observed

to occur at approximately the same angle of attack as that

at which the leading-edge vortex occurred on the basic wing.

The strength and growth of the secondary vortex is probably

similar to that occurring over a corresponding length of span

at the inboard end of the wing. It has a measurable in-

fluence on the pitching-moment characteristics in the lift

range between D and C. (See sketch 1.) This was indi-

cated by the data of figure 21 where the 0.256/2 chord-exten-

sions provided slightly more negative pitching moments near

maximum lift than when the outboard 0.196/2 of the chord-

extension was removed. (In some installations chord-

extensions having spans greater than 0.256/2 may be required

and in such cases the secondary vortex may have an even

stronger influence on the pitching-moment characteristics.)

Inasmuch as there is an improvement in flow over the out-

board sections through only a small lift range and the most

positive pitching moment measured on the plain wing is

almost attained with the chord-extension on, it can only be

concluded that the linearity in the variation of pitching-

moment coefficient with lift coefficient arises from balancing

areas experiencing increases and decreases in lift. The
stable break in the pitching-moment curve at maximum lift

(see, for example, fig. 21) is explained by the fact that, in the

stalled condition both with and without chord-extensions,

the wing has the pitching moment of a stalled flat plate of

corresponding plan form.

When chord-extensions are used on a swept wing the air-

foil sections and sweep angle of which are such as to place

the wing near the boundary for leading-edge separation

(see, for example, fig. 5) the basic flow phenomenon appears

to be somewhat different from that on the sharp leading-

edge wing. The round leading edge of the wing delays

leading-edge separation to lift coefficients veiy much higher

than on sharp leading-edge wings with the result that the

leading-edge vortex occurs at or only slightly prior to

trailing-edger separation. Consequently, such wings do not

exhibit a very marked stable dip in the pitching-moment

curve prior to the unstable break that results from tip stalling.

(See sketch 2.) It is not unlikely that, because the forma-

Q
Sketch 2.

tion of the leading-edge separation bubble would tend to

move the adverse pressure gradient rearward, trailing-edge

separation and consequent breakdown of flow over the entire

chord occurs at lower lift coefficients than it would on a

similar wing having a larger leading-edge radius with no

tendency for leading-edge separation. Thus, the chord-

extension diffuses and directs the inboard leading-edge

vortex as in the case of the sharp leading-edge wing but, of

equal importance, it also prevents the low-energy air that is

flowing outboard along the trailing edge from influencing

the flow over the tip sections and thereby delays trailing-

edge separation on those sections. Thus, surface-tuft

studies have indicated a marked improvement in flow over

those sections spanned by the chord-extension through the

lift range denoted A to B in sketch 2. The improvement in

pitching-moment characteristics on such wings results pri-

marily from the delay in separation over the tip part of the

wings to higher angles of attack as would be deduced from
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available data which indicate only a slight forward shift in

aerodynamic center from that obtained in the low-lift range.

(See sketch 2.) At maximum lift the pitching-moment

break for these experimental data was in the stable direction

inasmuch as the pitching moment in the stalled condition

was more negative than in the stall-controlled condition.

In other cases, however, the pitching-moment break may be

in an unstable direction, inasmuch as the induced angle-of-

attack distribution and airfoil section characteristics are not

greatly influenced by the addition of the chord-extensions.

A further improvement in the pitching-moment character-

istics may be expected by providing droop in the chord-

extension in order to combine the beneficial effects of the

chord-extension vortex and leading-edge camber in the same
manner as does an extensible leading-edge flap.

When a chord-extension is applied to a wing which exhibits

only trailing-edge separation, improvements in flow over the

tip sections would still be expected, inasmuch as the chord-

extension vortex would tend to divert the outflow over the

rear part of the wing that is emanating from the inboard

sections.

It should be realized that the most effective span of chord-

extensions is as critical as the most effective span of exten-

sible leading-edge flap was shown to be.

Variable sweep.—The information thus far presented

emphasizes the problems encountered on an airplane using

highly swept wings. A possible method of avoiding these

problems is to provide an airplane with wings the sweep

angle of which can be changed in flight so that- a low sweep
angle can be used when it is desired to fly at high lift co-

efficients and low speed. Some points of interest in connec-

tion with the design of such an airplane are illustrated by the

results of an investigation at low Reynolds number and Mach
number of a variable-sweep airplane model (refs. 78 and
117). Figure 22 illustrates schematically the model used and
the longitudinal stability characteristics. As the sweep

angle is increased by rotating the wing panels about a pivot

point in the fuselage, the wing center of pressure moves rear-

ward and causes a large increase in longitudinal stability.

In order to overcome this, the wing-panel pivot point must be

allowed to translate forward as the wings are rotated rear-

ward.

The data of figure 22 are, in all likelihood, subject to Reyn-
olds number effects. It would be expected thatat Aiff=23°
the maximum lift of the wing would increase with an increase

in Reynolds number and, because the strength of the leading-

edge vortex flow (as indicated by the pitching-moment data)

would diminish with an increase in Reynolds number, the

maximum lift of the wing at Ais=63° may be less than the

values shown. Thus, the variations in wing aerodynamic

center due to variable sweep may also be different at flight

values of Reynolds number.

Contra flaps.—Data on contra flaps obtained from

references 31 and 32 are presented in table 20. The contra

flap is a flap located on the outer part of the wing span in

order to provide negative camber in the tip sections. The
negative induced cumber results in a download at the tip sec-

tions in the low angle-of-attack range. The nose-up tend-

ency due to the download at the tip sections decreases with

Airfoil section perpendicular to 0.25c
Root NACA 64-010.3
Tip NACA 64-008

Figure 22.—Longitudinal stability characteristics of a model of a

variable-sweep airplane. 12= 2X 10* (based on c' for A c/4
= 60°).

(Data obtained from ref. 78.)

increases in angle of attack and thereby provides a pitching-

moment variation with lift coefficient that has a stable slope.

At maximum lift, however, there must remain a nose-up

tendency of such a magnitude that when wing staffing occurs

the pitching-moment break will be in the stable direction.

The results presented in references 31 and 32 were obtained

by using upper-surface split flaps on the outer part of the

wing as the contra flaps. The stability characteristics were
quite satisfactory through the entire lift range; however,

in these particular tests large losses in lift and increases in

drag accompanied the improvement in stability. Inasmuch
as no attempt was made in these investigations to see if the
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adverse lift and drag effects could be minimized while main-

taining the beneficial stability effects, the usefulness of the

contra-flap principle has not been fully evaluated.

WING GEOMETRY

Camber and twist.—Data on camber and twist are

presented in tables 17, 18, and 28 from references 26, 42, and

43. Additional information is contained in references 79,

80, 81, and 96. Although most of the swept wings have in-

corporated some degree of camber or twist or both camber
and twist, the references listed are only those that provide

comparisons with the uncambered and untwisted wings.

Combinations of camber and twist- have been commonly
incorporated in unswept wings designed for relatively low-

speed flight in order to obtain, among other things, satis-

factory stalling characteristics. Recently, there have been

advantages found in the use of camber and twist at transonic

flight speeds. Although the introduction of camber and
twist in the amount required to provide the desired load

distribution at high speed is also in the direction to improve

the low-speed longitudinal stability characteristics, it must
be remembered that from low-speed longitudinal stability

considerations the optimum camber and twist will be that

derived from low-speed design consideration. Hence, the

data which have been obtained with wings designed to meet a

given high-speed requirement are not necessarily indicative

of optimum low-speed benefits to be derived from camber
and twist.

A study which involved only the effects of camber (con-

stant camber changes over the span) indicated that except

for the trim changes to be expected, the pitching-moment

characteristics were not materially affected by camber (ref.

26). Somewhat comparable results were obtained in an in-

vestigation where the effects of increasing the leading-edge

radius and adding forward camber were studied on a
A*/4=35° wing (ref. 85). In each of the previous references

(refs. 26 and 85) there was no spanwise variation in camber,

and the full low-speed advantages of camber may not have

been utilized.

The effects of camber and twist on the pitching-moment

characteristics of two wings (refs. 79 and 80) are presented

in figure 23. In both cases, the twist and camber were

calculated to provide uniform loading at supersonic speeds

and at design lift coefficients of 0.4 and 0.5 for the Ac/4
=45°

and A c/4=60.8° wings, respectively. Actually, a compromise

twist was used in the Ac/4=45° wing such that little resem-

blance remained between that desired for uniform loading

and that tested. The compromise twist was in the direction

Cambered and twisted for approximately elliptic loading at Q_-OA.

10° twist between root and tip.

'Without camber and twist

Cambered end twisted fa approximately uniform loading

at <£=0.5. 18° twist between root and tip.

Without camber and twist.

(a) A c/4=45°; A=6.0; reference 79. (b) A c/4=60.8°; 3.6; reference 80.

Figure 23.—Effects of combined twist and camber on the variations of pitching-moment coefficient with lift coefficient for two sweptback wings.
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to alleviate tip stall, and, as can be seen in figure 23, a small

gain in the linear pitching-moment range was obtained. The
pitching-moment characteristics of the A c/4=60.8° wing are

more irregular when twist and camber are introduced. It

appears from the data available that additional work is re-

quired before camber and twist introduced to satisfy high-

speed considerations can be evaluated in terms of improve-

ments that will be produced in the low-speed stability

characteristics of sweptback wings.

Although camber and twist have not in the limited number

of cases available solved the low-speed stability problems,

they may result in the need for fewer and less complicated

stall-control devices. A comparison is shown in figure 24

of the pitching-moment characteristics of wings with and

without camber and twist and both with and without fences.

The combination of fences and camber and twist provided

rather acceptable pitching-moment characteristics whereas

with either the fences or camber and twist a very large

destabilizing shift in aerodynamic center occurred at or

prior to maximum lift. In the case of the Ac/4=60.8° wing

of reference 80, leading-edge flaps and fences were used in

order to improve the characteristics. The greatest improve-

ment obtained by using these mechanical devices is illustrated

by the results of figure 25. Unfortunately, these data are

limited in lift range, and it is not possible to tell whether or

not a stable break in pitching moment at maximum lift

would be obtained for this configuration.

Inverse taper.—The adverse effects of tip stall on swopt-

back wings can be avoided by causing the initial stall to

occur over the inboard sections. Theoretical considerations

would seem to indicate that inboard stall could be accom-

plished by means of inverse taper (ref. 118). If it were not

for the effects of boundary-layer outflow, inverse taper would

provide sweptback wings that were longitudinally stable well

above the stability boundary of figure 12. Because of the

boundary-layer outflow, however, there is a possibility that

premature tip stall would limit the usefulness of inverse

taper as a means of alleviating the low-speed problems as-

sociated with sweptback wings of normal taper ratio. It

should be mentioned, however, that fences should be more

effective on wings having inverse taper than on wings of

normal taper. The low-speed and low Reynolds number
tests of a model which incorporated inverse taper (ref. 119)

have indicated very satisfactory longitudinal stability

characteristics. The sweep angle (Ac/4=37.5°) and aspect

ratio (3.0), however, were such that satisfactory stability

would be expected for wings without inverse taper.

Cranked wings.—Data on cranked wings are presented in

table 22 from reference 38. Additional information is con-

tained in references 120 and 121.

It has been suggested (ref. 121) that the low-speed longitu-

dinal stability problems of sweptback wings can be reduced

by using a wing plan form in which the sweep angle decreases

toward the tip. The reduction can either be continuous

(a) Fences off. (b) Fences on.

Figure 24.—Variation of pitching-moment coefficients with lift coefficients for a wing with and without camber and twist, both wfith and without

chordwise fences. A,/4=45°; A=8.0; X=0.45; #=4.0X109
.
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Figube 25.—The effect of extensible leading-edge flaps and fences on

the pitching-moment characteristics of a twisted and cambered

sweptback wing (A„/4=60.8°) having an aspect ratio of 3.5, and a

taper ratio of 0.26. (Data obtained from reference 80.)

(crescent-shaped plan form) or consist of several steps

(cranked-shape plan form) . There have been arguments that

the plan-form discontinuities may have adverse effects on

the maximum lift characteristics; however, the low-speed

data available (see, for example, ref. 38) indicate that good or

acceptable lift and pitching-moment characteristics can be

obtained. The high-speed drag characteristics therefore

dictate its usefulness. The proponents of the cranked-wing

concept contend that the equivalent sweptback wing has a

leading-edge sweep angle equal to that of the inboard sections

of the cranked wing on the basis that the detrimental com-

pressibility effects tend to occur first near the root sections.

That the root sections are the more important in determining

the critical Mach number is in agreement with the “crest

line” concept defined in reference 124. A consideration in

the comparison of a cranked wing with a sweptback wing is

the effect a body may have on the critical nature of the in-

board sections. From low-speed pressure-distribution data,

it appears that, with a body on, the “crest line” concept of

reference 122 would indicate that the inboard sections are

no longer as critical.

Composite (A, M, and W) wings.—In the search for a

wing plan form which would incorporate the benefits to be

derived from sweep and yet possess acceptable low-speed

characteristics, the Germans investigated both the M and

W plan forms (ref. 123). Recently work has been done on

swept wings with the center sections filled in to form A
wings. Substantial improvements have been obtained at

low speeds in the longitudinal stability characteristics of

these composite wings. Early swept-wing studies in this

country (ref. 124) also established the low-speed advantages

of the M andW plan forms. There was, however, an impli-

cation made in reference 123 that, when split flaps were de-

flected, there is no advantage in using anM wing instead of a

sweptback wing. The high-speed considerations of the junc-

ture drag to be associated with either the M orW plan form

were instrumental in shelving these plan forms before any

extensive amount of low-speed work had been done. Re-

cently, it has been found that such plan forms may not ex-

hibit the aerodynamic-center shift resulting from twist due

to bending, which is an unfavorable characteristic of swept-

back wings in the transonic speed range. At present, tran-

sonic tests are needed to see if the drag penalties ofM andW
plan forms are compensated by their structural advantages.

HORIZONTAL TAIL

A horizontal tail is usually employed to obtain damping

and control in pitch and a desired static margin. In its

conventional location it is subject to the flow field created by
the wing-body combination. Whether or not the horizontal

tail affects the stability of the combination, other than by
the static margin it provides, depends on the manner in

which the characteristics of the flow field in which the tail

operates vary with angle of attack. In the case of straight

wings, the flow separation which could cause nonlinear varia-

tions of the flow with angle of attack is restricted to a small

angle-of-attack range prior to maximum lift. Inasmuch as

straight wings are, in general, quite stable through maximum
lift, any nonlinear flow characteristics due to flow separation

and of such a nature as to cause the horizontal tail to be

destabilizing are not too detrimental. Thus, in straight-

wing airplanes the problem is largely to design a tail (ge-

ometry and location) that will be capable of trimming the

airplane throughout the flight lift range. Body effects may
cause the tail location to become a major design problem

and this condition has been shown to be particularly true

in the case of straight, low-aspect-ratio wings employing

sharp leading-edge airfoil sections. In contrast to straight

wings, sweptback wings exhibit flow separation at lift co-

efficients well below maximum lift and, in many cases, swept-

back wings are either unstable or possess only marginal

stability through maximum lift. In such cases any de-

stabilizing tendencies of the tail resulting from nonlinearities

in the flow characteristics may not be tolerable.

As early as 1946 (for example, ref. 10) it had been illus-

trated that a horizontal tail located behind a stable swept-

back wing could result in a wing-tail combination that was
unstable through maximum lift. A considerable amount of

low-speed work has been done, therefore, in order to deter-

mine the most suitable location for a horizontal tail behind a

sweptback wing. Data on such work are presented in the

tables from references 13, 19, 23, 25, 29, 36, 50, 52, and 55.

Additional information is contained in references 28, 82, 95,

98, 99, 112, and 125.

The results of the low-speed tests indicate that, whereas

in certain locations the horizontal tail may be detrimental.
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there are locations at which the-horizontal tail may meas-
urably improve the longitudinal stability characteristics

over those of the wing alone. In order to avoid the adverse

effects and to obtain the beneficial effects that a horizontal

tail is capable of providing, the following general rule can be
stated : The location of the horizontal tail should be such that

it is emerging from the wake through the nonlinear lift range

of the wing (to be discussed later). This rule means that

for very short tail lengths the tail will he below the chord
plane extended, and for very long tail lengths the tail will he
somewhat above the chord plane extended.

In cases where the airplane configuration exhibits a high

degree of stability in the maximum lift range, it may be
desirable from trim and control considerations to locate the

tail so that it will have a slight destabilizing influence. Other
factors such as ground clearance, high-speed wake buffeting,

and structural considerations may dictate a compromise loca-

tion for the tail. It is necessary, then, to consider separately

the effectiveness of the horizontal tail operating in the flow

field behind sweptback wings and the over-all stability

characteristics of the sweptback wing-tail combinations.

EFFECTIVENESS

The variations of horizontal-tail effectiveness with angle of

attack for several sweptback wing-tail combinations are

presented in figure 26. The horizontal-tail effectiveness

parameter r is a measure of the influence of the tail and in-

cludes the influence of both the wing and fuselage on the

downwash and dynamic pressure -at the tail plane. A deriva-

tion of the formula for r can be found in reference 56 and the

resulting expression is given as

Approx, stream- Tall position

„ Ac*, wiSQt/c Tail
Model deg A Airfoil section. lengthy Ref.

percent c
,

Root Tip High Low

A 40 4 64i-112 0.096 a 096 0.416/2 -0.06 6/2
B 40 4 Circular arc .079 .062 .46 —.01
O 45 6 64-210 .075 .076 .38 -.05
D 50 2.8S 64i-U2 .082 .082 .50 -.07
E 50 2.S4 Circular arc .066 . 041 .44 -.13

(a) Flaps off.

FigUBE 26—Influence of higli and low tails on the variation of tail-effectiveness parameter r with lift coefficient for several sweptback-wing
configurations. Tail positions are given with respect to the extended root chord line.

2.0 29
2.2 36
2.2 50
1.7 62
1.7 55
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0 .2 .4 .6 .8 1.0 1.2 1.4 0 .2 .4 .6 .8 1.0 1.2 1.4

CL CL

Model
Tall position Flaps

High Low Leading edge Trailing edge

A 0.416/2 -0.066/2 0. 67 6/2 0.6 6/2 split

B .46 -.01 .70 .6 6/2 split

O .38 -.06 .48 . 6 6/2 split
n .60 -.07 .40 .4 6/2 spilt
E .44 — . 13 .26 . 6 6/2 extended

(b) Flaps on.

' Figure 26.—Concluded.

so that

Inasmuch as (0La^ ^ and V (tail volume) axe constant

for any particular toil and tail location, the variations of r

with angle of attack reflect any changes in the linearity of

On
t

with angle of attack. A minus value of r signifies that

the tail is providing a stabilizing contribution.

Data which are representative of the tail effectiveness to

be obtained behind sweptback wings are presented in figure

26. Sufficient systematic data to permit the construction of

comprehensive design charts however were not available.

The influence of tail location on the effectiveness of the tail

can be seen by the manner in which r varies in the high-lift

range for the two tail locations considered (fig. 26). Whereas

r for the tail ip the high position decreases and actually be-

comes destabilizing in the high-lift range, r for the tail in the

low position remains essentially constant and in certain cases

becomes increasingly negative. A comparison of the data

on parts (a) and (b) of figure 26 indicates that the relative

tail effectiveness is somewhat improved when flow separa-

tion is prevented by extensible leading-edge flaps although

the effect is rather slight. In some other available data

(ref. 95) the effect is somewhat more pronounced.

The survey data available behind sweptback wings have
been used to illustrate in figure 27 the rate of change of wake
location with angle of attack as a function of sweep angle.

These data indicate that the wake moves up at a greater rate

with respect to the chord plane extended as the sweep angle

is increased. It should be pointed out that the data pre-

sented in figure 27 represent, in general, slopes obtained

through an angle-of-attack range from 0° to 16°; however,
the trends illustrated in figure 26 appear to continue to even
high angles of attack. The significance of these wake
movements with relation to the downwash field through
which a particular tail will pass is illustrated in figure 28.

The tail located in the high position lies well above the wake
center through the entire angle-of-attack range and, as can
be seen in the accompanying plot of downwash against angle

of attack, experiences an increasing rate of change of down-
wash with angle

i

of attack throughout the greater portion of

the angle-of-attack range. The tail located in the medium
position lies above, but relatively close, to the wake center

in the high angle-of-attack range. The increasing rate of

change of downwash with angle of attack is less pronounced
than that obtained in the high position. When the tail is
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Symbol
Wing Longitudinal

location
behind e74#

percent d

Ref.

Atfl, deg A Airfoil section d

,

in.

a 0 3.00 NAOA0016 10.00 172.6 82
Q 0 6.00 NAOA 0016 10.00 172.5 82
> 30 5.20 NAOA 0015 1L60 172.5 82
V 30 4.50 NAOA 0015 11.60 172.5 82
37 40 4.01 NAOA 64i-112 34.70 200.0 28

p 45 5.10 NAOA 64-210 31.22 210.0 i 50
% 50 2.88 NAOA 64i-112 39.07 165.0 13

60 3.00 NAOA 0015 20.00 160.0 82
0 60 1.60 NAOA 0015 20. DO 172.5 82

(a) Plane of symmetry. (b) 33.3-percent semispan from plane of (c) 66.6-percent semispan from plane of

symmetry. symmetry.

Floras 27.—The rate of change of wake-center location (from extended root chord line) with angle of attack at several lateral stations, In the
region of a horizontal tail behind wings of various plan forms. Flagged symbols indicate midwing fuselage combination; plain symbols
indicate fuselage off.

Figure 28.—Downwash profiles behind asweptback wing (Ac/4=50°)

having an aspect ratio of 2.9, a taper ratio of 0.626, and NACA
64i-112 airfoil section. Profiles located at a tail length of approx-
imately two mean aerodynamic chords and at a station 0.313 semi-

span outboard of the plane of symmetry. (Data obtained from
ref. 13.)

located in the low position, it lies below the wake center and
experiences a decreasing rate of change of downwash with

angle of attack as the angle of attack is increased. For any
fixed tail location, the movement of the wake seems to define

the rolling up of the vortex sheet with respect to the varia-

tions of de/da obtained; however, another very significant

effect for the present discussion should be noted. An in-

spection of figure 28 shows that the downwash becomes
progressively more unsymmetrical about the wake center as

the angle of attack is increased. The unsymmetrical nature

of the downwash field arises from the rolling up of the vortex

sheet and, to some extent, from the inflow tendencies in the

vicinity of the wake. Both of these phenomena are described

in reference 126 as they pertain to straight wings. An ad-

ditional effect which might be expected to contribute to the

nonlinearity of the downwash characteristics in the high-lift

range is the inward displacement of the tip vortices as

stalling occurs at the tip sections of the sweptback wing.

Actually the experimental data available seem to indicate

that the effect of the inward displacement of the tip vortices

is at least partially compensated for by the accompanying
reduction in wing lift. This result is somewhat verified by
the fact that, when extensible leading-edge flaps are used to

prevent flow separation over the tip sections of a sweptback
wing, the variations of downwash with angle of attack ob-

tained are strikingly similar to those obtained on the plain

wing.

The effects just described can be recapitulated ps follows

:

the rolling up of the vortex sheet (as indicated by the upward
movement of the wake) and the inflow tendencies into the

wake are both factors contributing to an increasing value of

dUlda. for tails located above the wake center and to a de-

creasing value of dfijda. for tails located below the wake center.

It has been shown that the effect of the displaced downwash
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field (indicated by wake movement) is accentuated by sweep.

The influence of sweep on the rolling up of the vortex sheet

has not been extensively studied experimentally. Inflow

tendencies into the wake would not be expected to be affected

greatly by sweep, but even this fact has not been established

experimentally. It should be pointed out that the influence

of the wake on the downwash and not the absolute values

of dynamic-pressure ratios in the wake is the significant

factor to consider in low-speed tail design considerations.

WING-FUSELAGE-TAIL COMBINATIONS

A rational tail location is inherently dependent on the sta-

bility requirements imposed on the tail by the wing-fuselage

combination. Thus, for a wing-fuselage combination ex-

hibiting neutral stability throughout the lift range, a tail

located in a field of constant de/da can provide an adequate

and constant static margin (see case I, fig. 29). For a wing-

fuselage combination exhibiting an abrupt decrease in sta-

bility through some part of the lift range, it would be ad-

vantageous to have the tail so located that de/da decreased

abruptly at the same lift coefficient at which the decrease in

stability occurred for the wing-fuselage combination (see

case II, fig. 29). The linearity in the stability character-

istics of the complete configuration would, of course, be

dependent on the degree of instability compensated for by
the decrease in de/da. A third condition can be considered

in which the wing-fuselage combination exhibits an abrupt

increase in stability through the lift range of such a magni-

tude as to be undesirable. A tail located so as to experience

an abrupt increase in de/da at the corresponding lift coeffi-

cient could conceivably provide linear stability character-

istics for the complete configuration (see case m, fig. 29).

Although the term “abrupt” has been used in these illustra-

tions, any gradual changes in the stability characteristics of

the wing-fuselage combination would necessitate gradual

changes in de/da at the tail. Further, the absolute values of

dynamic-pressure ratios occurring in the wake have been

ignored in the preceding discussion inasmuch as they only

affect the effectiveness of the tail and are, therefore, only of

secondary importance with respect to de/da. Also ignored is

+i

(a) Case I. Constant tail-off stability plus

linear downwash characteristics result

in constant tail-on stability. (Centrally

located tail.)

(b) Case II. Destabilizing shift in tail-off

stability plus reduction in ~ results in in-

creased tail effectiveness and constant tail-

on stability. (Generally low tail position.)

(c) Case III. Stabilizing shift in tail-off

stability plus increase in results in de-

creased tail effectiveness and constant

tail-on stability. (Generally high tail

position.)

Figube 29.—An idealized illustration of the improvement made in the pitching-moment characteristics of typical wing-fuselage combinations by

the use of a horizontal tail operating in the downwash field behind a sweptback wing.
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the term a, (in equation (1)), which under certain condi-
oa

tions can have a measurable effect on the tail contribution

to the over-all stability. For the tail-on tests available at

this time, however, conditions of large a t have not been

encountered on tail surfaces entering or leaving the wake.

Condition I of figure 29 represents straight wings and those

swept wings on the stable side of the stability boundary of

figure 12. Case II of figure 29 is the typical condition en-

countered with swept wings, and the unstable break in

pitching moment may occur at or prior to maximum lift,

depending on the combination of sweep and aspect ratio

employed. The experimental data available indicated (see

fig. 28) that a tail located so as to emerge from the wake in

the high-lift range will provide the greatest improvement in

the nonlinear pitching-moment characteristics of the wing-

fuselage combination. In general, it is hardly to be ex-

pected that a tail position can be found such that the non-

linearities of the tail will exactly compensate for the non-

linearities of the wing-fuselage combination. In this regard,

air-stream surveys of the downwash and wake character-

istics are extemely useful in locating the tail position at which

the maximum improvement in the nonlinearities of the wing-

ffuselage combination can be obtained. For example, air-

stream surveys were utilized in reference 33 to show that an

inverted vee tail could be used to obtain linear pitching-

moment characteristics for a wing-fuselage-tail combination

in which the wing had A c/*=40°, an aspect ratio of 4.0, and a

taper ratio of 0.625.

In many sweptback-wing cases, the degree of instability

is so great that even if the full lift capabilities of the tail

could be used, an undesirable amount of instability would

remain. Also, if nearly the full lift capabilities of the tail

are employed in overcoming the undesirable pitching

moment characteristics of the wing-fuselage combination

the problem of adequate control becomes paramount. These

two conditions necessitate the use of stall-control devices on

sweptback wings. When such devices are effective in cor-

recting the deficiencies of the wing-fuselage combination,

the use of the maximum effectiveness of the horizontal tail

may result in a complete configuration that has such a large

degree of static margin as to be undesirable (casem, fig. 29).

Because of configurations such as these an optimum tail

location cannot be defined without attaching numerous

qualifying statements, for it is quite obvious that the use of

stall-control devices reduces the tail requirements for satis-

factory stability and hence allows a wide range of useful

tail locations.

LIFT

PLAIN WING
LIFT-CUBVE SLOPE

There are available at present a number of rapid methods

for predicting the lift-curve slopes of swept wings (refs. 11,

76, 83, and 84) which do not require extensive calculations

of the load distribution in order to obtain the required

parameters. Figure 30 has been prepared to show the rela-

tionship between the various methods when they are applied

to the same set of wings. Considerable scatter around the

line of perfect correlation exists, except perhaps for the

Symbol
C
L
t calculated by method

from references

o 76
1 1

O 83
A 84

Figure 30.—Comparisons of the experimental lift-curve slopes for

several wings with those calculated by several methods available

for rapidly making such estimates.

method of reference 11. The amount of data presented does

not suffice, however, to indicate a definite conclusion.

The methods available for calculating the span-load dis-

tributions of sweptback wings (refs. 69 and 127 to 129) pro-

vide values of lift-curve slopes from induced angle-of-attack

distributions that have been more rigorously obtained than

in the preceding rapid methods. The simplest method of

reference 127 has been used to provide the tabulated results

presented in reference 76. Although all the methods effec-

tively converge below aspect ratio of 3.0, above this value of

aspect ratio the differences among the solutions obtained by

the different methods become progressively greater. It is

argued that the differences arise to a large extent from the

manner in which the plan-form discontinuity at the plane of

symmetry is handled in the calculations. Reference 69

proposes means for the special handling of the root discon-

tinuity; however, experimental verification is not yet avail-

able. Calculations have been made and compared with

experimental data for a wing of aspect ratio 8 and A„/4=45°

and these results indicate that the special handling of the

root discontinuity is of minor significance (ref. 130) ;
however,

it is necessary to point out that the root discontinuity may bo

significant for wings of lower aspect ratio. In this particular

comparison (ref. 130) even those methods which most

closely predicted the load distributions underestimated the

experimental lift-curve slope. The reason advanced for this

underprediction, however, was that the effect of wing thick-

ness on the section lift-curve slope had not been accounted

for rather than that the method of calculation was inade-

quate.
MAXIMUM LIFT

Simple sweep theory (ref. 3) would indicate that the lift
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coefficient for separation, and hence the maximum lift co-

efficient of an Infinite wing, will vary approximately as

cos3A. This simple rule, as it is generally known, has not

been found to be consistent with the experimental maximum
lift coefficients of finite-span wings (ref. 131). The maximum
lift coefficient is not only a function of sweep but, as will be
shown in the following discussion, it is also dependent on
the type of flow separation involved. ,As shown in figure 5,

the type of flow separation is in turn dependent on the sweep

angle, the leading-edge radius, and the Reynolds number.
Type of flow separation.—The manner in which flow

separation may occur on sweptback wings has been pre-

viously discussed under the section on <fFlow Considerations”

and was shown to exert a controlling influence on the longitu-

dinal stability characteristics. As in the case of the longitu-

dinal stability characteristics, the type of flow separation that

prevails also plays a significant role in the maximum lift

characteristics. Hence, any attempt to establish an empiri-

cal rule to predict the maximum lift coefficient that is based

on a correlation of experimental data must necessarily take

into account the type of flow separation. Figure 31 has been

prepared to show the variations of
Cî max

with sweep
(PLmax)A-0

angle for the cases of wings with and without leading-edge

separation. In the case of trailing-edge separation (no

leading-edge vortex present) there is a reduction in maxi-
mum lift coefficient throughout the sweep range; however,

the reduction is somewhat less than that predicted by the

cos2A curve. This variance with simple sweep theory has

been explained by the phenomena which occur at the tips and
at the, plane of symmetry on a finite-span wing. Experi-

mental investigations on swept wings (for example, ref. 70)

have shown that the root sections do not exhibit leading-

edge pressure peaks. In addition, the spanwise pressure

gradients are such as to cause an outward drain of the bound-
ary layer from the root sections. The combined influence of

these two effects is such as to make the root sections of

swept wings highly resistant to flow separation and therefore

Figure 31.—Variations with sweepback angle of the ratio of maximum
lift coefficient of the swept wing to the maximum lift coefficient of

the equivalent unswept wing for several families of wings as defined

by their leading-edge radii.

capable of developing local lift coefficients of such large

magnitude as to more than compensate for the lift losses

that occur when the tip sections of the wing stall. The high

lift potential of the root sections combined with the secondary
rise in lift of the tip sections that often occurs after they have
initially experienced flow separation generally allows the

sweptback wing to experience a maximum lift coefficient in

excess of the value to be expected on the basis of simple

sweep theory. The upper curve in figure 31 applies to wings
having circular-arc airfoil sections. Wings of this section

represent an extreme case of leading-edge vortex flow and are

quite unaffected by Reynolds number variations up to ap-

proximately 10X10 6
. The appreciable increases in maxi-

mum lift coefficient with an increase in sweep angle indicate

that the strength of the vortex is increased by an increase in

sweep angle.

The experimental curves shown in figure 31 define the

band in which the maximum, lift coefficient of any particular

wing may fall. Experimental data were available to deter-

mine the maximum lift at zero sweep for the sharp-leading-

edge airfoils, but estimates in the case of the round-leading-

edge airfoils had to be used. It is recognized, of course, that

at a given Reynolds number any particular airfoil section

may not develop leading-edge vortex flow -until moderate
angles of sweep are reached; hence, the variation of maxi-
mum lift coefficient with sweep angle for such a wing may
follow the lower curve and then gradually bend upward and
approach the upper curve.

The ratios shown in figure 31 do not in themselves com-
pletely illustrate the effects of sweep (as defined by flow

separation) on the maximum lift coefficient. An attempt
was made in figure 32 to collect the values of maximum lift

Symbol Airfoil
Range or

aspect ratio
Ref.

O Circular-arc 2.8 to 4.0 21, 22, 23, 37,

NACA 65A006 4.0
47, 64

14
Q NAOA 65iA012 10.0 26
A NAOA 63iA012 8.0 39

O NAOA 0015 root
NAOA 23009 tip

3.6t0 4.8 17

Figure 32.—Variations of maximum lift coefficient with sweepback
angle for several families of uncambered wings as defined by their

leading-edge radii.
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coefficient that have been obtained on uncambered and un-

twisted wings. As can be seen, there is a scarcity of data for

wing thicknesses much in excess of 6 percent. Actually,

most sweptback wings on which data are available have in-

corporated various degrees of camber and would not, if

presented on this figure, correlate. At best, figure 32 illus-

trates that, although the ratios of maximum lift coefficient of

figure 31 are diverging with increasing sweep angle, the cor-

responding absolute values are converging.

Influence of camber.—Although it was found when
figure 32 was prepared that the available maximum-lift-

coefficient data were, in most cases, obtained with wings in-

corporating airfoil sections of some degree of camber, very

little information was found which could be used to isolate

the effects of camber on the maximum lift of sweptback

wings.

Figure 33 has been prepared to present data on wingfe with

either camber or twist or wings with both camber and twist,

as well as comparable data on wings either uncambered or

untwisted or both uncambered and untwisted. It is signifi-

cant that camber measurably improved the maximum lift

coefficient over that of the comparable uncambered wings.

Results presented in reference 26 have indicated that the

improvements due to camber on the Ac/4=35°, A=5.14 and

10.07 wings can be estimated from two-dimensional data.

Reynolds number and Maoh number effects.—An im-

portant consideration in any discussion of maximum lift

coefficients on straight wings (see, for example, ref. 132) is

the interrelated effects of Mach number (as low as 0.15)

and Reynolds number on maximum lift coefficients at very

low speeds. Methods for the quantitative prediction of

these interrelated effects have not been developed so that

data such as that presented in reference 132 can serve only

as a guide in estimating the maximum lift coefficient of

straight wings. As far as sweptback wings are concerned,

the literature is very meager, even qualitatively. In figure

33 are given two values of maximum lift coefficient for the

Ac/4=35°, A=10 wing incorporating NACA 65^012 airfoil

sections at a Reynolds number of 6.0X106
. The Mach

numbers were 0.14 and 0.25 for the higher and lower values

of maximum lift coefficient, respectively. The difference

illustrates that, although simple sweep theory indicates a

reduction in the local Mach numbers at the leading edge

and thus minimizes the Mach number effect shown to exist

at low speeds on straight wings, significant differences in the

experimental value of maximum lift coefficient can be ob-

tained when the relationships of Mach number with Reyn-
olds number are changed, as would result from a change in

the wing size or the flight altitude. Thus, the data presented

in figure 33 for the first three wings were obtained at a con-

stant Mach number and therefore show the effects of

Reynolds number at this value of Mach number. For any
other value of Mach number or for the condition where the

Mach number increases as the Reynolds number is increased,

the comparison between the cambered and uncambered wings
may be different. It appears, therefore, that any correla-

tion of the maximum lift coefficient of swept wings that is

founded only on the basis of comparable Reynolds number
may be fortuitous.

Effect of aspect ratio.—The effect of aspect ratio, as

determined from tests of a family of wings having A c/4
=45°

and 6-percent-thick airfoil sections and three families of

wings of A c/4=35
0 and 12-percent-thick airfoil sections, are

shown in figure 34. The 6-percent-thick wings are repre-

sentative of those wings that experience leading-edge separa-

tion. Over the range covered, the effects of variation in

aspect ratio are small, as would be expected from knowledge

of straight-wing characteristics. It is interesting, however,

that the rate of change of maximum lift coefficient with

aspect ratio is opposite in sign to that for straight wings.

Presumably, with increasing aspect ratio, it approaches the

value for the infinite swept wing, which is of the order of cos2A
times the two-dimensional value. (The cosine rule is theo-

retically exact only if the phenomenon considered involves

purely laminar flow, and it is not exact when applied to

maximum lift, which is extensively involved with turbulent

boundary-layer flows.)

INFLECTION OH USABLE LIFT COEFFICIENT

The terms “inflection” or “usable” lift coefficient have
been commonly used to define the lift coefficient of swept-

back wings at which large undesirable shifts in aerodynamic

center occur. Although the terms inflection CL and usable

CL were previously introduced as synonymous, it is desirable

to put slightly different interpretations on the two terms.

The term ‘inflection lift coefficient” has been used in the

present discussion to define the lift coefficient at which there

is a break in the pitching-moment curve without any consid-

eration being given to the uncontrollability or undesira-

bility of the shift, whereas “usable lift” connotes a shift in

aerodynamic center which could cause serious control design

problems. In view of the fact that a horizontal tail can

overcome a considerable amount of instability contributed by
the wing-fuselage combination, the term usable lift coefficient

in the present report is still somewhat arbitrary. This lift

coefficient is probably of more significance with regal'd to

the maximum flight lift coefficient than the absolute value

of the maximum lift coefficient in that it represents the lift

coefficient beyond which stall control is required.

Available data have been compiled and used to indicate

the variations of the ratio of inflection lift to maximum lift

coefficient with sweep angle for various aspect ratios (fig. 36).

It has again been necessary to differentiate between wings

which exhibit trailing-edge separation and wings which ex-

hibit leading-edge separation (leading-edge vortex flow

present). The data presented in figure 35 (a) for wings

having well-rounded leading edges (above vortex formation

line of fig. 5) appeared to arrange themselves systematically.

In figure 35 (b), however, some difficulty was encountered in

systematizing the data for wings having sharp leading edges

(wings incorporating circular-arc airfoils for the most part).

It was found that on low-aspect-ratio wings subject to

leading-edge vortex flow (for example, A=2, A c/4=45°, fig.

35 (b)), a stable shift in aerodynamic center occurred at a

relatively low value of lift coefficient which remained until

the maximum lift coefficient was reached. For wings of

somewhat greater aspect ratio (for example, A=4, A d/4=450
,

fig. 35 (b)), the stable shift occurred at higher values of lift

coefficient and was more pronounced than that observed

at the lower aspect ratios. The stable shift also was closely

followed by a pronounced unstable shift in aerodynamic

center.
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Figure 33.—Variation of maximum lift coefficient with Reynolds number for several sweptback wings with various amounts of camber. Effect
of Mach number on the low-speed maximum lift coefficient is indicated for one wing.
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Symbol A e/i,deg Airfoil section X Ret

35 NAOA 65iA0I2 a 500 to 0.713 26
<> 35 NAOA 64iA312 .500 to .713 26
A 35 NAOA 64iA6I2 .600 to .713 26

O 45 NAOA 65A006 .600 14

10

Figure 34.—Variation of maximum lift coefficient with aspect ratio

for several sweptback wings. Airfoil sections listed are parallel to

the plane of symmetry.

A

(b) Leading-edge separation on

wings having sharp leading

edges.

Figure 35.—Variation of the ratio of inflection lift coefficient to

maximum lift coefficient with sweepback angle for wings which
exhibit either trailing-edge separation or leading-edge separation.

The preceding discussion has considered representative

moment curves in the immediate vicinity of 45° of sweep;

and as both the vortex strength and the relative area ratios

(previously discussed in section entitled f‘Longitudinal Sta-

bility”) change with increasing sweep angle, the discussion

is not representative for wings having sweepback angles

greater or less than 45°. A A c/4=60° wing of aspect ratio

2.0 (ref. 87) therefore exhibits an unstable shift in aero-

A A./i* deg Ref.

2.0 45 14
2.8 50 54
2.6 60 86
2.0 00 87
4.0 40 36
3.5 45 47
4.0 45 14
3.5 60 59
4.0 60 14

A A,/<, deg Ret

3.6 45 17
4.0 40 28
4.8 30 17
5.0 45 43
5.1 45 45
6.0 35 27
8.0 45 70
10.0 35 26

(a) Tip separation.

dynamic center at a lift coefficient between the inflection

and maximum lift coefficients that was not previously noted

for a A c/4=45° wing of the same aspect ratio.

The data presented in figure 35 (a) represent not only the

inflection lift coefficient but also the usable lift coefficient.

The same cannot be said for figure 35 (b). The stable in-

flection obtained for an aspect ratio 2.0 wing of A c/4
=46°

cannot be considered as seriously limiting the usable range

of lift coefficient at all. At A c/4=60° and aspect ratio 2.0,

the stable inflection is again tolerable, but, as previously

mentioned, an unstable shift occurs at a somewhat higher

value of lift coefficient, which is of such a magnitude as to

be very undesirable, and hence defines a usable-lift-coefficient

range. It is quite interesting that the ratio of this lift co-

efficient to the maximum lift coefficient is approximately the

same as the inflection lift ratio for the aspect-ratio-4.0 wing
having the same sweep angle. The inflection lift coefficient

for the aspect-ratio-4.0 wing is also characterized by a stable

shift in aerodynamic center but, in this case, is of sufficient

magnitude (say in excess of an 8-percent shift) to define also

the usable-lift-coefficient range. Tor the case considered,

the usable-lift-coefficient range is the same for wings of

aspect ratio 2.0 and aspect ratio 4.0, although it is not de-

fined by the inflection lift coefficient in both coses.

The curves presented in figure 35 were obtained with wings

having taper ratios somewhat greater than 0.5. More data

would be needed to make a similar analysis for delta or

pointed wings. In general, delta wings that do not ex-

perience leading-edge vortex flow are subject to a gradual

rearward shift in aerodynamic center that adds up to a very

large “shift between zero and maximum lift. The gradual

nature of this rearward movement precludes the use of the

term “inflection lift coefficient.” When the leading edge is

sharp and the consequent leading-edge vortex forms, the

rearward movement of the aerodynamic center is arrested

in the vicinity of a maximum lift coefficient of 0.5, and a zero

or slightly forward shift in aerodynamic center is obtained

at a maximum lift coefficient between 0.6 and 1.0. The
point at which the rearward movement is arrested can bo

considered as an inflection lift coefficient. As the aspect

ratio for other wings having zero taper ratio approaches

the stability boundary defined for such wings in figure 12,

the forward shift in aerodynamic center becomes more
pronounced but still occurs in the vicinity of a maximum lift

coefficient of 0.5. It was found possible to obtain, by a proc-

ess of interpolation in figures 34 and 35, the inflection lift

coefficients of those wings having round-nose airfoils and

moderate taper ratios but still subject to the formation of

the leading-edge vortex flow. In order to estimate the

inflection lift coefficient of such wings, a first-order approxima-

tion can be made as follows. Estimate the percentage of the

radius defined by the boundary of figure 5 and then use this

percentage to interpolate between parts (a) and (b) of

figure 35. For example, the Afl/4=50 o wing of reference 44

incorporates NACA 64x-112 airfoil sections perpendicular

to the 0.272-chord line and is one of several for wliich such

estimates were made. Prom figure 5 the effective leading-

edge radius can be estimated as approximately 80 percent of

the boundary radius. For the aspect ratio of 2.9, the ratios
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of inflection lift coefficient for the sharp-nose and round-nose
conditions are estimated to be 0.25 and 0.80, respectively

(fig. 35). If 80 percent of the difference between 0.25 and
0.80 is added to the value of 0.25, the resulting ratio of in-

flection lift coefficient to maximum lift coefficient is 0.69.

The experimental value as determined from reference 30 is

0.67. The excellent agreement obtained is typical for the

several cases tried; however, additional data are considered

necessary for a more complete quantitative treatment. It

must be emphasized that the boundary presented in figure 5

and the curves presented in figure 35 (a) are subject to

Reynolds number effects which must be considered in inter-

preting the present results. The analysis presented, how-
ever, does have general application at both lower and higher

values of Reynolds number. For example, the boundary of

figure 5 would be displaced upward with a reduction in Reyn-
olds number and hence, in the case of the A c /4

= 50° wing,

its percentage of the boundary radius would be reduced.

Also, somewhat lower values would be obtained in figure

35 (a) so that the combination of the two changes would
indicate a lower value of the ratio of inflection lift to maxi-
mum lift coefficient. Actually, the experimental data

presented in reference 52 show such a reduction.

The data so far presented and discussed concerning the

inflection lift on swept wings were obtained on uncambered
and untwisted wings. An empirical study of cambered and
twisted wings would, however, require considerably more
data than are presently available. As previously discussed,

there are indications that the effects due to camber are a
function of sweep and can be estimated from two-dimen-
sional data (ref. 26). If such is the case, the effects of camber
may possibly be additive to the results presented for the un-
cambered wings.

Another approach to the general problem of predicting

the inflection-lift coefficient of swept wings would be to

develop a procedure for using two-dimensional airfoil data
to predict the three-dimensional characteristics of the wing.

Reference 131 presents a first attempt at utilizing two-
dimensional data to predict the inflection lift on swept wings.

The comparisons presented in reference 131 show almost a
consistent underprediction of the pitching-moment breaks

obtained experimentally in three-dimensional flow.

HIGH-LIFT AND STALL-CONTROL DEVICES

An inspection of the data contained in the compiled tables

shows that a considerable number of rather detailed investi-

gations which involved the use of high-lift and stall-control

devices have been reported. The data have not been system-
atic enough to provide a basis for generalized design charts.

Such a conclusion may appear to be restating the same one
brought forward in reference 133 in 1947. Actually, how-
ever, these specific investigations, which were unavailable

at the time reference 133 was written, now permit qualita-

tive generalizations which can be judiciously used in design

work.

LINEAR LIFT RANGE

Experience has shown that through the linear lift range,

stall-control devices do not greatly influence the lift incre-

ments produced by a trailing-edge high-lift device. In an

evaluation of the linear-lift effectiveness of trailing-edge flaps

therefore data obtained both with and without leading-edge

devices can be used.

Figure 36 has been prepared to show the variations of linear

lift effectiveness with sweep angle from the systematic data

that are available for wings equipped with split flaps. The
linear lift effectiveness of the half-span split flaps decreases

markedly as the sweep angle is increased. In the case of the

wings that exhibit either leading-edge or trailing-edge separa-

tion, the linear lift increment is closely predicted by applying

simple sweep concepts (fig. 36). ‘ In order to indicate the

influence sweep has on the linear lift increment when the

flap span is other than 0.5 span or the type is a double-slotted

flap, the data of references 27 and 48 have been presented in

figure 37. Both of the wings used for illustration in figure 37

exhibited trailing-edge separation. The comparison between
the experimental and calculated curves indicates that in the

case of split flaps the agreement is good, at least up to flap

spans of 0.5 span. In either of the examples, however, the

linear lift increments obtained experimentally with double-

slotted flaps exceed the calculated values for any span of

(a) Wings of varying aspect ratio but having a constant taper ratio

of 1.0 and NACA 23012 airfoil sections, which were perpen-

dicular to the leading edge.

(b) Wings have an aspect ratio of 4, a taper ratio of 0.6, and NACA
65A006 airfoil sections parallel to the plane of symmetry.

Figure 36.—Variation with sweep angle of maximum lift increment

and lift increment at an angle of attack of 0° due to semispan split

flaps for two families of wings. Flaps deflected 60°.
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(a) Ac/i=35°, A=6.0, X=0.5, NACA 64i-212 airfoil section. (b) A e/1=45°, A= 5.1, A=0.4, NACA 64-210 airfoil section.

B=6.8X10». (Ref. 27.) * R=6.0X10*. (Ref. 48.)

Figure 37.—Comparison of experimental with calculated lift increment at an angle of attack of 0° due to double-slotted and split flaps on two

sweptback wings.

flap. It should be pointed out that the calculated lift incre- increase can be obtained with partial-span extended split

ments due to flaps con be readily obtained by the method of flaps (Zap). The comparison made in reference 49 between

reference 134 which has become available since the publica- an extended flap having a rectangular plan form and one of

tion of references 27 and 48. the same area but having a triangular plan form indicates

In any case, the loss in linear lift effectiveness in the that the increased effectiveness of the extended flaps is

moderate to high sweep-angle range is rather severe, and it somewhat independent of the manner in which the flap area

is of interest to consider the effectiveness of area-increasing is added.

flaps. The data of references 13, 32, 39, 49, 54, and 60 Figure 38 has been prepared to summarize the available

indicate that increases in linear lift effectiveness approxi- data on the lift effectiveness of trailing-edge flaps measured

mately of the same order of magnitude as the percent of area at an angle of attack of 0°. The data are presented for the
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Figure 38.—Summary chart of lift increments at an angle of attack of 0° due to various types of trailing-edge flaps. (Solid symbols correspond
to flap spans which produce unsatisfactory pitching-moment characteristics; open symbols correspond to flap spans which produce satisfactory

pitching-moment characteristics.)

configurations which provided acceptable pitching-moment

characteristics through the lift range and also for the configu-

rations which produced the greatest increments in maximum
lift coefficient but did not possess acceptable pitching-

moment characteristics through the lift range. The flap

spans were greater for the configurations possessing undesira-

ble pitching-moment characteristics but they are not actually

full-span devices. Where comparisons are available, it ap-

pears that the lift effectiveness at an angle of attack of 0°

is not appreciably increased by sacrificing acceptable

pitching-moment characteristics through the lift range.

MAXIMUM LIFT

Trailing-edge flaps.—The influence of sweep on the

maximum lift effectiveness of trailing-edge flaps is illustrated

in figure 36. The data were obtained on two families of

wings equipped with partial-span split flaps deflected 60°.

It can be seen that at moderate sweep angles the flaps on the

wings incorporating NACA 65A006 airfoil sections (pro-

nounced leading-edge vortex flow) cause a negative incre-

ment of maximum lift coefficient. An attempt was made to

analyze the data presented in figure 36 and other available

data, either in terms of the maximum lift increment at

A c/4
= 0 ° or the linear lift increment previously discussed.

No clear correlation could be found. For the two examples

presented (fig. 36) the difference between the linear and
maximum-lift increments for A c/4

=0° is approximately

constant through the sweep range for the wings having
NACA 230-series airfoil sections, whereas the corresponding

difference is materially increased with an increase in sweep
angle for the wings of NACA 65-series airfoil sections.

The influence of a variation in flap span on the increment of

maximum lift coefficient for two sweptback wings having
both split and double-slotted flaps is shown in figure 39.

The results shown are representative, although the reduced

effectiveness of the full-span split flaps on the A c/4=35° wing
is quite extreme.

The data available for sweptback wings equipped with

slotted or extended flaps seem to indicate that these types of

flaps maintain at maximum lift a superiority over split

flaps of approximately the same magnitude previously in-

dicated in the linear lift range.

An investigation (ref. Ill) on AiS==47° wing-fuselage

combination shows the increments of maximum lift coefficient

contributed by a partial-span single-slotted flap to be rela-

tively insensitive to precise flap slot geometry. If the incre-

ments, which are admittedly small, are compared, however,

on a percentage basis, they are found to be as sensitive to

flap position as in the case of two-dimensional flow.

Leading-edge stall-control devices.—Grouped under the

heading of leading-edge stall-control devices are such things

as leading-edge slats, extensible leading-edge flaps, droop-

nose flaps, chord-extensions, and boundary-layer control.

Although the primary purpose of these devices is to control
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(a) A0/4=35°, A=6.0, A=0.5, NACA 64r-212 airfoil section. (b) A <5/4=45°, T=5.1, \=0.4, NACA 64r-210 airfoil section.

fl=6.8X10«. (Ref. 27.) J?=6.0X10«. (Ref. 48.)

Fiotoe 39.—Variation of increment in maximum lift coefficient with span of double-slotted and split flaps on two sweptback wings.

flow separation and hence to provide acceptable pitching-

moment characteristics, it might also be expected that if

flow separation were controlled, increases in maximum lift

coefficient would be obtained. The gains in maximum lift

coefficient obtained with the use of such devices are not

large; however, in comparison to the effectiveness of trailing-

edge split flaps on moderately to highly swept wings, they

are significant.

It has been shown in reference 48 that the optimum span

for an extensible leading-edge flap from stability considera-

tions is essentially the optimum with regard to the effec-

tiveness at maximum lift. Such a generalization is not, how-

ever, rigorously substantiated by the data of references 27

and 39. The data presented in reference 44 indicate further

that the smallest-chord, smallest-span, extensible leading-

edge flaps which will provide longitudinal stability over the

entire lift range will also provide increases (small) in maxi-

mum lift coefficient of the same order of magnitude as those

obtained with larger-chord and larger-span extensible leading-

edge flaps.

Trailing-edge flaps in combination with leading-edge

stall-control devices.—The individual effectiveness of both

leading- and trailing-edge devices at maximum lift has been

discussed. When these devices are used in combination, the

increments of maximum lift coefficient are not additive ex-

cept in a few isolated cases as can be seen from an inspection

of the data presented in the tables.

Figure 40 has been prepared to show in a more graphic

manner the incremental values of maximum lift coefficient

that, have been obtained through the use of both leading- and

trailing-edge flaps on sweptback wings. Again as in figure

37, the configurations which possessed acceptable pitching-

moment characteristics and those that did not but gave the

greatest improvement in maximum lift coefficient have been

included. It is interesting to note that the extended split

flaps compare favorably with the double-slotted flaps for the

several cases available.

DRAG

PLAIN WING

INDUCED DRAG

The changes in spanwise lift distribution attributable to

sweep necessarily produce corresponding changes in the drag

due to lift (induced drag). Inasmuch as experimental data

are unavailable, recourse has been made to calculations in

order to show the influence of sweep on tho induced drag

(fig. 41). The calculations were made by the Weissinger

method in which 15 spanwise control points were used in

preference to the more commonly used seven spanwise con-

trol points. (The loadings computed by The Weissinger

method utilizing 15 spanwise control points which cor-

respond to the drag values presented in fig. 41 are unpub-

lished.) For wings having taper ratios of approximately

0.25, sweep has only a small effect on the induced drag for

the aspect-ratio range covered. For taper ratios greater

than 0.25, sweep has an adverse effect on the induced drag

which is accentuated by an increase in either taper ratio or

aspect ratio. For taper ratios less than 0.25, sweep has a

beneficial effect on the induced drag.
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60°

Aspect ratio 6.0 4.0 3.9 3.4 3.5 3.5 4.0 5.1 8.0 2.9 2.9 3.5

Toper ratio 0.50 0.62 0.62 0.51 0.50 0.50 0.60 0.38 0.45 0.62 0.62 0.25

Airfoil section 64,-212 64,-112 Circular ore 64,AII2 64,AII2 Circular arc 65A006 64-210 63,A012 64,-112 Ctrculororc 64A006
Table number 19 20 21 30 31 32 33 29 34 25 38 39 44

Figure 40.—Summary chart of maximum lift coefficients obtained with various types of trailing-odge flaps. (Solid symbols correspond to flap
spans which produce unsatisfactory pitching-moment characteristics; open symbols correspond to flap spans which produce satisfactory
pitching-moment characteristics.)

PROFILE DRAG

The minimum drag data available from a systematic in-

vestigation of a family of wings having aspect ratios of 4.0,

taper ratios of 0.6, and NAOA 65A006 airfoil sections parallel

to the plane of symmetry are presented in figure 42. The
drag scale has been enlarged from that used in reference 14
in order to show more clearly the effects of sweep. This en-

larged scale appears to be consistent with the accuracy of

data obtained by semispan testing. As would be expected,

these data indicate that sweep has a negligible influence on
the minimum drag, although there is a slight increase in-

dicated between 45° and 60° of sweep.

An indication of the effect of sweep on the variation of the
profile drag with lift coefficient is given by the wake-drag
measurements presented in reference 88. The results of

reference 88 are presented in figure 43. It will be noted
that the minimum wake drag is unaffected by sweep, as has
previously been shown by the data of figure 42. There is,

however, a measurably large increase in the wake drag for

the swept airfoil as the lift is increased. In this particular

comparison, it should be pointed out that the wing thickness

and leading-edge radius of the airfoil section taken parallel

to the air stream are considerably less for the swept wing than
for the unswept wing. These changes in airfoil shape may
have had a greater influence than the sweep in increasing

the rate of increase in wake drag with lift coefficient for the

swept case over that obtained in the unswept case.

With regard to camber, it can be shown from geometrical

considerations that the design lift coefficient of a swept wing
is considerably less than that corresponding to the camber
of the sections normal to a swept reference line and is even
less than that corresponding to the camber of the sections

taken in the stream direction. Figure 44 has been prepared
to show the decrease in lift coefficient for minimum profile

drag when the panels of an unswept wing employing airfoil

sections having a design lift coefficient of 0.2 are rotated
such that the airfoil sections are alined perpendicular to the

0.286 chord line on the swept wing.

SPAN EFFICIENCY

The drag of a wing may be considered to be comprised of

three parts: namely, the minimum profile drag, that part of

the profile drag which varies with lift coefficient, and the

induced drag. Various investigators have compiled and
analyzed experimental data on straight wings for the pur-
pose of deriving a generalized drag equation for use in per-

formance calculations. In this country, the commonly
applied drag equation in performance calculations contains

Oswald’s efficiency factor e and the equation is written
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(a) A= 3.5.

(b) -4=6.0.

(c) -4=8.0.

Figure 41.—Variations with sweep angle of the ratios of induced drag

coefficient for elliptical loading to the calculated induced drag

coefficient for wings of various aspect ratios and taper ratios.

Calculations made by the Weissinger method using 15 points in the

solution.

Figure '12.—Variation of the minimum drag coefficient with sweep
angle for a family of wings having aspect ratios of 4, taper ratios of

0.6, and NACA 65A006 airfoil sections parallel tp the plane of

symmetry. (Data obtained from ref. 14.)

Figure 43.—Wake drag characteristics for a swept and unswept
airfoil section. (Data obtained from ref. 88.)

Figure 44.—Variations with lift coefficient of the profile drag coefficient

for an unswept and sweptback wing.
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It can be seen that the factor t is used to lump the variable

part of the profile drag and the percent deviation of the in-

duced drag from’that of the elliptical wing into a single term.

The literature includes attempted correlations of this factor

with such parameters as aspect ratio and taper ratio (for

example, ref. 135). More recently, attempts have been
made to extend the correlations to include the effects of

sweep (ref. 136). Unfortunately, the lift range where the

parabolic drag variation is applicable is generally small and
the scatter obtained in such correlations has been of such

magnitude as to limit seriously the usefulness of the factor

e. A cursory examination of the scatter seems to indicate

that leading-edge radius, thickness, and thickness distribu-

tion are factors affecting e to the same degree as aspect

ratio, taper ratio, and sweep angle.

In the event that sufficient similarities may be found
between one of the wings in the present report and a particu-

lar design of interest, values of e and the lift coefficient to

which they are applicable are presented in the following

table:

A LE,
deg

A«/<,

deg
A X Airfoil section R t Up to

CL of

0.0 6 2,6 a 63 Modified doublewedge 7. 6X105 0.65 0.2
37.0 36 6.0 .60 NAOA 04i-112 6,8 .78 L0
42.0 40 3.9 .63 Circular-arc 6.9 .37 .2
42.0 40 4.0 .63 NAOA 64i-112 6.8 .82 .8
47.7 45 6.0 .31 NAOA 64-210 6.0 .83 .4
47.7 45 6.1 .38 NAOA 64-210 6.0 .83 .3
40,3 46 ao .46 NAOA 63iA012 4.0 .68 .4
62.0 60 2.9 .63 NAOA 64i-112 6.8 .80 .0
62.0 60 2.9 .63 Circular-arc 6.8 .42 .4

Only drag data which could be reliably read have been used.

HIGH-LIFT AND STALL-CONTROL DEVICES

The drag increment attributable to trailing-edge flaps is,

in general, reduced when sweep is incorporated in the wing.
This fact is illustrated in figure 45, where the effective

parasite drags of two types of trailing-edge flaps on a swept-
back wing are compared with those obtained on an unswept
wing. When a simple method is used to reduce the straight

-

wing data to that of the sweptback wing, the reduction due
to sweep is approximately a function of the cosine squared
of the sweep angle.

The reduction in profile drag and lift effectiveness of

trailing-edge flaps that occurs when sweep is employed means
that the principal effect of sweep (indicated by applying
simple sweep theory) is the change in the effective velocity
component (

V

cos A). The relative drag-producing qualities

are then in the same order on swept wings as on unswept
wings in that split, double slotted, and slotted flaps are in a
descending order of drag increment.

SUMMARY OF RESULTS

The more significant wind-tunnel data on the low speed,
longitudinal, aerodynamic characteristics of swept, delta,

and thin unswept wings have been presented in tabular
form.

An analysis of these data indicates that two basically
different types of flow separation can exist; namely, trailing-

edge separation and leading-edge separation. Either or

Calculated by equation

a^;(^) a.0
«k2ju

Figube 45.—An illustration of the effect of sweep on the estimated
and experimental values of effective profile-drag coefficient at low
angles of attack for two types of trailing-edge flaps. (Data obtained
from refs. 48 and 89.)
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both types of separation can occur, depending primarily

on leading-edge radius, sweep angle, aspect ratio, and Reyn-
olds number. Criteria for predicting the type of separation

are indicated.

For thin, round-nose airfoils, longitudinal stability char-

acteristics through the lift range can be misleading, if the

data are obtained at any Reynolds number below the flight

value. On sweptback wings exhibiting trailing-edge separa-

tion, the addition of roughness eliminates the beneficial

effects in stability sometimes obtained by an increase in

Reynolds number. An empirical relation based on data for

a wide range of wing sweep angles, aspect ratios, and taper

ratios indicates that the longitudinal stability characteristics

will be good if the wing area rearward of the quarter-chord

point of the mean aerodynamic chord exceeds 69 percent of

the total wing area.

Effectiveness of various methods of stall control as ap-

plicable to each type flow separation are discussed. A
detailed discussion is given on the effects of fences (or vanes),

extensible leading-edge flaps and slats, droop noses, bound-
ary-layer control, and chord-extensions; limited discussion is

given on the effects of nacelles and stores, contra flaps,

camber and twist, and unusual plan-form shapes, including

variable sweep, inverse taper, cranked wings, and A, M, and
W shapes.

Analysis of horizontal-tail data indicates that the in-

fluence of wing wake on downwash is the key factor in sta-

bility. The wake moves up at an ever greater rate as sweep
angle is increased. Addition of the tail can measurably

improve or worsen longitudinal stability characteristics.

For the best results, the horizontal tail should be so located

that it is emerging from the wake through the nonlinear-lift

range of the wing. In general, this location means that the

tail should lie below the chord plane extended for very short

tail lengths and somewhat above the chord plane for very

long tail lengths.

A compilation is made of various methods for calculating

lift-curve slope and, for the four most rapid methods, com-
parisons made with experiment indicate that no one method
is entirely satisfactory. At low sweep angles, wings having

trailing-edge separation develop higher maximum lifts than

wings having leading-edge separation; these differences tend

to disappear as sweepback is increased. Camber can, in

general, be used to increase maximum lift. Maximum lift

is shown to depend not only on Reynolds number, but also

on Mach number even in the low Mach number range.

Charts are presented for obtaining the point on the lift

curve where large undesirable changes in aerodynamic

center occur. The effects on maximum lift of leading- and
trailing-edge devices, together with information as to the

desirability of the pitching moment characteristics, are sum-
marized in charts.

Calculated induced drag, experimental profile drag, and
experimental values of Oswald's efficiency factor are pre-

sented for a variety of sweptback wings.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., May 14, 1952 .
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TABLE 1.—INDEX TO TABULATED DATA

Table , dec Airfoil section Trafllng-edge device Stall-control device Fuselage
Hori-
zontal
taU

-43.2 -45.0 4.00 0.600 NACA 65A006 Split flap

—41.3 —45.0 3.55 0.500 NAOA 64iAI12 L. E. droop

-41.3 —45.0 3.55 0.500 NAOA 64iA112 Split flap Boundary-layer control On

-40.6 -45.0 3. 12 0.380 Root NAOA 0015
Tip: NAOA 23009

Split flap

-34.0 —38.2 3. 94 0.625 Circular aro Split flap L. E. flap On

-32.3 -35.3 5.79 0.3S9 NAOA 64-210 Split flap
Single-slotted flap
Double-slotted flap

Jj. E. flap
L. E. slat
L. E. droop
Fence

On On

-25.9 -30.0 0.400 Root NAOA 0015
Tip: NAOA 23009

Split flap

3.40 L00 Circular arc Split flap L. E. flap
Xj. E. droop
Round L. E.

10 4.00 LOO Circular arc Plain flap L. E. droop

11 ass 0 . 4.00 0.600 NAOA 65A006 Split flap

12 as 4.62 0.550 Root NAOA 0015
Tip: NAOA 23009

Split flap

13 9.46 9.0 A00 0.500 Double wedge Plain flap L. E. droop On On

14 10.46 5.2S 2.50 0.625
Hexagonal --0D6

Plain flap L. E. droop On On

15 32.6 30.0 4.00 0.600 NAOA 66A0Q6 Split flap

16 33.4 30.0 4.84 0.440 Root NAOA 0015
Tip: NAOA 23009

Split flap

17 38.25 35.0 a 14 0.713
NAOA 66,A012
NAOA 64XA312
NAOA 64iA612

18 38.25 35.0 10.07 0.500
NAOA 65jA012
NAOA 64*A312
NAOA 64iA612

19 37.25 aoo 0.500 NAOA 64i-212 Split flap
Double-«lotted flap

L. E. flap
Ii. E. slat
Is. E. droop
Fence

20 42.0 40.0 4.01 0.625 NAOA 04,-112 Split flap L. E. flap
It. E. slat
Fence

On On

21 42.0 40.0 3.94 0.625 Circular arc Split flap It. E. flpp
L. E. droop
Fence

On On

45-20 Variable A 12 0.360 NAOA 64A009 Split flap L. E. flap
L. E. slat

23 45.0 45.0 4.00 LOO NAOA 65A006 Split flap
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TABLE 1.—INDEX TO TABULATED DATA—Concluded

Table A.„,deg A X Airfoil section TraJling-edge device Stall-control device Fuselage
Hori-
zontal
tail

24 46,2 46.0 6.00 0.600 NAOA 65A006 Split flap - —

26 40.33 45.0 8,02 0.450 NAOA 63iA012 Split flap I/. E. flap
Fences

On On

26 46.33 45.0 8.00 0.450 Cambered 63-012 Split flap L. E. flap
Fence

—
27 46.55 46.0 6.00 a 505 NAOA 64A010

NAOA 64A810
On

28 46.6 46.0 6.00 a 500 NAOA 64A010
NAOA 64A810

29 46.7 46.0 4.00 0.600 NAOA 65A006 Split flap L. E. droop
Fence -

30 47.5 46.0 3.40 o. 5io NAOA 64iA112 Plain flap L. E. flap On —
31 47.5 46.0 3.40 0.610 NAOA 64iA112 Split flap Boundary-layer control On —
32 47.6 45.0 3.60 a 500 NAOA 64,A112 Split flap Boundary-layer control On

33 47.6 46.0 3.60 a 500 Oircular arc Plain flap L. E. droop
Roond L. E.
Fence

34 47.7 46.0 5.10 0.383 NAOA 64-210 Split flap
Single-slotted flap

Doublo-elotted flap
Triangular flap

L. E. flap
L». E. droop
Fence

On On

35 48.1 46.0 3.64 0.420 Root: NAOA 0016
Tip: NAOA 23009

Split flap

36 48.4 46.0 2.00 a 600 NAOA 65A006 Split flap — —
37 48.6 45.0 4.00 0.300 NAOA 65A006 Split flap — —
38 52.0 60.0 2.88 0.625 NAOA 64i-112 Split flap

1

L. E. flap
L. E. chord-extension
Fence

On On

39 62.0 50.2 2.84 0.616 Oircular arc Split flap L. E. flap
L. E. droop
L. E. chord-extension

On On

40 60.0 50.6 L80 0 NAOA 0016-64 Plain flap Sharp L. E. On —
41 60.0 52.4 2.31 0 Oircular arc Plain flap L. E. droop —
42 60.0 62.4 2.31 0 NAOA 65-006.6

|

Plain flap On —
43 60.9 60.0 4.00 0.600 NAOA 65A006

|

Split flap —
44 63.0 60.8 3.50 0.260 NAOA 64A006

|

Split flap
Triangular flap

L. E. flap
If. E. droop
Sharp h. E.

On

45 63.03 55.7 2.04 0 Double wedge Skewed flap
Plain flap

L. E. flap On —
46 63.43 66.3 2.00 0 Doable wedge Spilt flap L. E. flap

Round E. E.
—

47 63.43 66.3 2.00 0 NAOA 0006 Plain flap — —
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TABLE 2.—SUMMARY OP LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 43.2° OF
LEADING-EDGE SWEEPFORWARD

'V/U “ -*5°
A A.O Rt-«t - 6.0 X 106

x - o.6oo M^-0.20

Airfoil Motion* (parallel to plane of *yrxustry)

Root: BACA 65AOO6

.Tip: NACA 65AOO6

of L.E.
device
(b/2)

Span
of TJ.
device
(b/2)

Configuration “Vc
L/D at

°-05 ^ Cjj clmracterlatlco Reference

Bone

Bone ^—

—

0.99 26.0 3.U

0
.1

o-

-.1

U .8 1.2 1.6 2.0

Ik

-500
split
flap

1.17 29-0 2.87 11
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TABLE 7.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 32.3°- OF
LEADING-EDGE SWEEPFORWARD

- -55 -5
° R—

~

- J.eo X lo6

•tax - 0.»

Airfoil meetion* (perpendicular to 0.225 chord line)

Root t KACA 64-210

Tip: HACA 64-210

Span Span
of L.E. of T.E.
device device

(b/£) (b/2)

1.24 18.0 8.45 19
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TABLE 14.—SUMMARY OP LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 10.46° OF
LEADING-EDGE SWEEPBACK

-»
T.E.
CUp#

*959 12.9° 6.98
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TABLE 14.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 10.40° OF
LEADING-EDGE SWEEPBACK—Continued
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TABLE 14.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OP A WING WITH 10.46° OF
LEADING-EDGE SWEEPBACK—Continued
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TABLE 14.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 10.40° OF
LEADING-EDGE SWEEPBACK—Concluded
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TABLE 16.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 32.6° OF
LEADING-EDGE SWEEPBACK

TABLE 16.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WINQ WITH 33.4° OF
LEADING-EDGE SWEEPBACK
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TABLE 17.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 36.26° OF
LEADING-EDGE SWEEPBACK

A
c/i.

- »
fc - 0.715

R - 10.0 X 106

Haox “ 0*25

Airfoil aectioca (parallel to place of ayrwtry)

Span Span
of L.E. of T.E.
device device
(b/2) (b/2)

airfoil Ii=ax ^Ijoex jO.85

aectlon

CQ eharacterietloi I

0 .4 .8 1.2 1.6 2.0

65iA012 o.$8 \ 17.0 13.6 o

1-30 21.0 10.3

6^*612 1.43 22.0 9-85

TABLE 18.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 36.26° OF
LEADING-EDGE SWEEPBACK

V> -35°
,
- 10.0 x 106

Airfoil eecti&o* (parallel to plane of ayrmetry)
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TABLE 19.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 37.26° OF
LEADING-EDGE SWEEPBACK—Concluded

Cenflgaratlao °^xV 0.T cT ctaLTutorlstlcs I Bifertnu

2.06 16.V 6.so

l-Hl 25.0 10.75

1.69 21*3 7*75

1.65 2**3 9*V9

l.*2 26.0 0.15

.500 .500
L.E. split
slat flap

l.*3 15*0 . 0.06

1.05 1V-5 7-10

1.20 25*0 ll.V5

1.20 20.O H.90

1.20 10.9 11*75

1.26 £0.0 11.8

I.55 18.1 8.06

l.k9 16*0 8.20

&n - 30°

y6

1

^—=N

1.9* 15.3 7JO

2.02 17.* 6.95
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TABLE 20.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 42° OF
LEADING-EDGE SWEEPBACK

not reached.

h
D*eb <rurv*» for distance 0.923 free ground.
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TABLE 20.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OFA WING WITH 42° OF
LEADING-EDGE SWEEPBACK—Continued
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TABLE 20.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 42° OF
LEADING-EDGE SWEEPBACK—Continued

a
CIeax r®*®1*®*1 *

t’Daah cnmrem for dirt*oc* 0.92? free: ground.
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TABLE 21.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 42° OF
LEADING-EDGE SWEEPBACK—Concluded
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TABLE 23.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 46° OF
LEADING-EDGE SWEEPBACK

'c/4 - '5
°

X - 1.000

JW - 9.0 X 106

"cm - °- £0

Airfoil *ectloci» (pomllcl to plam of »yr=otry)

Boot: HACA 65AOO6

Tip: HACA 6$UX6

(^wiflgtiratlcn
Ch
*A*\^ 0.0^ C

1.01 25.0 3-73

1.04 22.0 4.21

C. cbAxrvctcrl«tlc*

TABLE 24.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 40.2° OF
LEADING-EDGE SWEEPBACK

V* *5°

X - 0.600

W - 6.0 X 106

»W “ o-20

Airfoil aoctioo* (parallel to piano of •ynoatry)

Boot: HACA 65AOO6

Tlpt HACA 65AOO6

Epon Spon
ccf UX. of T.E.
darlc* device

(>>/*) (b/i)

Configuration Cjj character!*tic*

1.05 26.5 5.51

1.00 22.8 I 4.26
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TABLE 25.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 40.33° OF
LEADING-EDGE SWEEPBACK—Continued
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TABLE 26.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 46.33° OF
LEADING-EDGE SWEEPBACK—Continued













A SUMMARY AND ANALYSIS OF THE LOW-SPEED LONGITUDINAL CHARACTERISTICS OF SWEPT WINGS 1485

TABLE 26.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 46.33° OF
LEADING-EDGE SWEEPBACK—Concluded







not mched.



tf m 6(fi

1.72 30.0 41
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0.20c
O.Wq
0.70o

1.25 1B.J 0.037 k6
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TABLE 34.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 47.7° OF
LEADING-EDGE SWEEPBACK

*
Cj ^ not n
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TABLE 34.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 47.7° OF
LEADING-EDGE SWEEPBACK—Continued

not rwcked-
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TABLE 35.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 48.1° OF
LEADING-EDGE SWEEPBACK

AiA ‘*5° A . }.6k

A a 0.420

Airfoil Motion* (variable)

Root! HACA 0015 (approximate)

Tip: HACA 25009 (approximate)

A - 3.64 - 18.0 X 106

Configuration Ct Oct VD At
0.85 Cr characteristics Reference

1.22 28.0 7.42

„ -625
Booo split

flap

^55 17.5

1.56 16.5

TABLE 36.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 48.4°^OF
LEADING-EDGE SWEEPBACK

Span 9p«a

of L.E. <* T *E *

device *****
(b/2) 0>/2)

Configuration

A . 2.O W “ !2-0 X 1(£

* “ 0-600 - 0.20

Airfoil tectiocs (parallel to plane of sysnetry)

Root: HACA 65A006

Tip: HACA 65A006

,acW L/D .at
0.85 Cj^

24.0 3.65

20.7 5.84

Cjj characteristics
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TABLE 37.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A TYING WITH 48.6° OF
LEADING-EDGE SWEEPBACK
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TABLE 38.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 62° OF
LEADING-EDGE SWEEPBACK—Continued
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TABLE 39.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 52° OF
LEADING-EDGE SWEEPBACK—Continued

DOt
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TABLE 41.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 60° OF
LEADING-EDGE SWEEPBACE—Concluded

1.000
plain
flap 1*20
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TABLE 42.—SUMMART'OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 00° OF
LEADING-EDGE SWEEPBACK

’ 5a - 1*'

X 0

52- 1
* A - 2.51 R^ « l6.4 x 10

- °«W

Airfoil section* (parallel to plane of ayamatry)

Roott HACA 65-006.5

Tip: IAEA 65-006.5

of L.E. I of T.E.
lerlca Idevice Configuration

iwmi
“cw L/D at

characteristic* Reftrame

TABLE 43.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A WING WITH 60.9° OF
LEADING-EDGE SWEEPBACK

V* -6o°

„ X - 0.600

A - A.O Rj-ajt
- 6.0 X 10

6

Airfoil section* (parallel to plane of ayrruotry)

Root: HACA 65AOO6

Tip: «ACA 65AOO6 ,

Span Span
of L.E. of T.E.
device device

(./») (b/«

Configuration C characteristics I Reference

1.06 35.6 2*29

0.* 25.0 3.00
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TABLE 47.—SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A TYING WITH 63.43° OF
LEADING-EDGE SWEEPBACK
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Figure Ordinato Abscissa Description

1
CIC V Load distributions on wings having
Clc 6/2 0° and 45° of sweep.

o Cl a Stall progression as indicated by sec-
tion lift characteristics, A,/e=45°.

3 CL Pitching-moment characteristics for
a family of swept wings.

4

n

xfe, Cl, a

A«/i

Effect of leading-edge separation on
pressures, pitching moment, and

Boundary for leading-edee sonaratlon
as defined by L. E.

Reynolds number effect on inflectlon-
lif$ coefficient.

Pitching-moment characteristics.
L. E. separation present, for several
swept wings.

Pitching-moment characteristics,
L. E. separation present, for several
aspect ratios.

Pitching-moment characteristics
on delta wing with and without
L. E. separation.

Cl Cm Effect of Reynolds number on mixed-
flow separation.

11 Cl R Type of flow separation as influenced
by Reynolds number.

12 A A*/| Empirical stability boundary and its
relation to constant area ratio.

Load distributions for families of
wings defined by constant area
ratios.

Effects of fences on section lift and
wing pitching-moment coefficients.

16 Cm Cl Effects of fences on the pitching-
moment characteristics of several
swept wings.

10 Cl Cm Effects of nacelles on the pitching-
moment characteristics of a swept
wing.m Cl, Cm a Effe<;t£ of L. E. devices on the stall
pattern of a swept wing.

Effects of L. E. and T. E. flaps on the
pitching-moment characteristics of
a swept wing.

Effect of stall-control devices on sta-
bility boundary of figure 12.

Boundary-layer control by suction on
a swept wing.

Chord extensions on a swept wing.

Variable sweep.

Cambered and twisted swept wing.

Cambered and twisted swept wing
with and without fences.

Cambered and twisted swept wing
with L. E. flaps and fences.

HoriiontaRafl effectiveness at vari-
ous vertical positions.
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TABLE 48—Concluded

Figure Ordinate

'30 Cls

Rate of change of wake center with
angle of attack.

Downwash profiles behind a swept
wing for several angles of attack.

Correlation between downwash and
horizontal tall effectiveness.

Effect of leading-edge radius on
maximum lift of swept wings.

Variations of maximum lift with
sweep angle for several families of
wings.

Reynolds number effect on the maxi-
mum lift of several swept wings.

Influence of aspect ratio on the maxi-
mum lift of several swept wings.

Influence ofsweep and aspect ratio on
the Inflection lift coefficients of
wings.

Influence of sweep on T. E. flapA «h effectiveness.

Comparison of experimental and cal-
culated llnear^llft range flap effec-
tiveness.

Various wings Summary chart of lift Increments
and flaps due to various types of T. E. flaps

on swept wings thatareboth stable
and unstable.

Various wings Summary chart of maximum-lift
and flaps increments due to various types of

T. E. flaps on swept wings that are
both stable and unstable.

Calculated induced drags on swept
wings.

Variation of mlnlmnm drag with
sweep angle.

Influence of sweep on the wake drag
of an airfoil section.

Influence of sweep on the profile
drag of a wing.

Influence of sweep on the effective

S
rofile drag of a wing with T. E.
aps.


